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CHAPTER 1 
INTRODUCTION 
1.1 Object and Scope 
The work described in this report was undertaken to understand 
the inelastic response of reinforced concrete multistory frames to earth-
quake motions through experimental and analytical studies. 
The experimental work included tests of small-scale one-bay 
three-story frames sUbjected to base motions simulating one horizontal 
component of representative earthquake-motion records. 
An analytical model was developed to calculate the dynamic res-
ponse of a multistory frame for a given base motion, material properties 
and geometry of the structure. The model recognizes stiffness changes 
along the length of the frame members caused by cracking of the concrete, 
yielding of the reinforcement, and stress reversals. 
The analytical model was tested by comparing its output with 
i . 
the experimental results. ; An important feature of the investigation was 
the availability of response measurements on structures, which had deformed 
well into the yield range, with definite knowledge of the base motion and 
structural properties. 
In addition, the test results were used to study the applicability 
of analyses based on linear response in the design of reinforced concrete 
frames. 
2 
1.2 Review of Previous Research 
A considerable amount of work on the investigation of the behavior 
of buildings during strong motion earthquakes has preceded this effort. 
Previous researches on the dynamic tests of reinforced concrete frame 
buildings and nonlinear dynamic analyses of frame structures will be 
briefly discussed in this section. 
Vibration measurements in a ten-story reinforced concrete build-
ing were reported by Fukutomi (1931)~ In this study, the fundamental 
frequencies in two directions and crude mode shapes were studied through 
oscillations of the building induced by microtremors and natural earth-
quakes. 
With a development of sophisticated vibration exciters, steady-
state forced vibration tests were conducted on the actual full-scale struc-
ture at very low amplitudes (Kawasumi et al 1956, Hisada et al 1956, 
Hudson 1962 b, Nielsen 1964, Bouwkamp et al 1966, Matthiesen et al 1966), 
in which frequency and damping characteristics of a variety of structures 
and their foundations were studied. 
Shiga et al (1966 and 1970) studied the behavior of one-story 
one-bay reinforced concrete models to periodic large base excitations. 
Inelastic response of the test structures was evaluated from the viewpoint 
of linearly elastic response theory by determining equivalent linear stiff-
nesses and viscous damping factors at different levels of vibration. 
Takeda et al (1970) studied the inelastic response of reinforced 
concrete to strong motion earthquakes. Two reinforced concrete cantilever 
columns were subjected to a base disturbance in one horizontal direction. 
;"; 
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3 
Measured response signals were compared with those of an analytical model 
based on the geometry and material properties of the test specimen and a 
hysteresis rule. It was concluded that an analytical model for a reinforced 
concrete system should be based on a static force-deflection relationship 
which included the changes in stiffness as a function of the previous 
load i ng his tory. 
Gulkan and Sozen (1971) reported the test results of one-story 
one-bay reinforced concrete frame models subjected to simulated earthqua~e 
motions. Each frame model was idealized in the analysis as a single-degree-
of-freedo~ system with stiffness characteristics determined by the primary 
load-deflection curve and Takeda IS hysteresis. rule (1970). It was pointed 
out that Takeda's hysteresis rule sometimes provided higher stiffness and 
larger hysteresis area than those measured in a static test when the load 
was alternated in a'small amplitude range. However, the agreement obtained 
between experJment and analysis was reported to be, in general, satisfactory 
particularly in the simulated earthquake tests. 
A multistory frame structure was initially idealized as a shear-
beam system. The nonlinear behavior of the system was studied by many 
investigators with the development of high-speed electronic digital compu-
ters. Penzien (1960) studied the behavior of six-degree-of-freedom systems 
with elasto-p1astic stiffness characteristics subjected to an earthquake 
mot ion. 
Berg and Dadeppo (1960) studied numerical methods to analyze a 
rectangular plane framework with elasto-plastic members. Berg (1961) also 
4 
analyzed a four-story one-bay plane frame with the members having ideal 
elasto-plastic moment-rotation characteristics. 
Goel (1967) analyzed multistory one-bay frames to strong motion 
earthquakes. Ramberg-Osgood function was adopted to represent the moment-
curvature relationship of beam members, while linearly elastic moment-
curvature relationship was assigned to column members. Although curvature 
distribution was nonlinear over a beam member, the point of contraflexure 
always remained at the center of the beam because of symmetry of the frame. 
Therefore, moment-rotation relationship of beam member was uniquely deter-
mined as a function of moments at ends of the beam. The equations of 
motion were solved by Gill IS version of the fourth-order Runge-Kutta 
numerical procedure using a finite increment of time. 
Clough, Benuska and Wilson (1965) analyzed twenty-story three-bay 
frame structures to an earthquake motion. Each member was assumed to have 
bilinear moment resistance. Instead of using bilinear rotational springs 
at the ends of a member, two parallel elements were introduced in a member: 
an elasto-plastic component to represent yielding characteristic, and a 
fully elastic element to represent strain hardening. 
Aoyama and Sugano (1968) adapted this method for the analysis of 
reinforced concrete frames by using a three-component model to represent 
three characteristic stages: elastic, post-cracking, and post-yielding. 
Stiffness properties of each component element were proposed to be based· 
on experimental results of the members. 
Giberson (1967) discussed and compared two nonlinear models: a 
two-component model developed by Clough et al (1965) and a one-component 
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model with equivalent non1 inear springs at the ends of a member. The one-
component model was favored because of its versatility in utilizing various 
hysteresis models. Moment-rotation characteristics of the equivalent 
nonlinear springs were to be calculated from the curvature distribution and 
a fixed point of contraflexure at the center of the member, unless stiff-
ness characteristics of the springs were provided. 
Suko and Adams (1971) also used the concept of the equivalent 
nonlinear springs in analyzing multistory multibay steel frames. All 
inelastic deformation of a member was lumped in rotations of two equivalent 
springs at the ends of the member. The location of the contraflexure 
point was determined for each member in the structure at the elastic stage, 
and was assumed to remain constant during the analysis of the frame. 
.... ~! 
I 
I 
6 
CHAPTER 2 
. 1 
OUTLINE OF EXPERIMENTAL WORK I 
Three-story one-bay reinforced concrete empty frame models were 
tested under a series of simulated earthquake motions on the University 
of Illinois Earthquake Simulator (referred to as the earthquake simulator). 
The test specimens represent approximately one-eighth of full-scale 
three-story reinforced concrete structures. 
A test frame (Fig. 2.1) consisted of three beams of identical 
section properties and length at each story level, and of two continuous 
columns from the base to the top of the frame. The distance between the 
two column center lines measured 36.0 in. The dimensions of a column 
"~--I 
I 
l 
were 2.5 by 2.5 in. with gross reinforcement ratio of 3.2 percent (four 
No.2 deformed bars). The dimensions of girders were 2.5 by 3.0 in. with i 
gross reinforcement ratio of 2.67 percent (four No.2 deformed bars). 
Small aggregate concrete was used in all the specimens. The details of 
the specimens and the material properties are described in Appendix A. 
Two identically designed frames' were fastened onto the earthquake 
simulator platform parallel to each other and to the direction of motion. 
In order to increase stiffness and to prevent failure in the transverse 
direction the two frames were connected at each floor level outside of 
the beam-column joints by rigid steel racks. Approximately 1885-1b steel "j 
weight including weight of a steel rack was attached at each floor level 
to simulate the dead and live loads and also to develop horizontal inertia 
forces under earthquake conditions. The steel weights were concentrated 
7 
outside of the beam-column joints so that the static gravity load did 
not disturb the specimen except in the columns. Including the weight 
of the specimen, the effective story weight was 1960 lb. 
The frames were subjected to a base motion in one-horizontal 
direction parallel to their planes. The table motion was intended to 
simulate one horizontal component of recorded earthquakes in California. 
The earthquake records chosen were the NS component of the 1940 El Centro 
record (Imperial Valley earthquake) and the N21E component of the 1952 
Taft record (Tehachapi shock). In order to simulate the relative rela-
tion betw~en the natural frequencies of the frames and the frequency 
content of the earthquake, the time axis of the earthquake record was 
compressed by the factor of 2.5. The amplitude of the earthquake records 
was chosen arbitrarily, and was increased from one earthquake test run 
to another until th~ capadity of the earthquake simulator was reached. 
The performance of the earthquake simulator is described in Appendix B. 
The method of scaling test models is discussed briefly in Appendix C 
with a special emphasis on the relation between dimensional scale and 
time scale. 
Three independent dynamic tests 01, 02 and 03 were carried out. 
The tes t var i ab 1 es were the i ntens i ty of the Ilf irs t ea rthquake
" 
and the 
strength of the frames. Frames 011, 012, 021 and 022 in Tes~ 01 and 02 
had the same design strength. The strength of Frames 031 and 032 in 
Test 03 was smaller than that of the first group. The maximum base 
accelerations measured On the earthquake simulator platform in the test 
runs are listed in Table 2.1. 
8 
Displacements relative to the base of the specimen and absolute 
accelerations were recorded at the three beam levels parallel to the motion 
as the fundamental responses of the frames. Vertical accelerations on the 
steel racks, transverse accelerations at the third-level beam-column joints 
and strains in the reinforcement of the first-story columns and beam were 
recorded to provide supplementary information. 
Observed test results are described in Chapter 5 with a special 
emphasis on the maximum response values, waveforms and crack patterns in 
the test frames. 
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CHAPTER 3 
LOAD-DEFORMATION CHARACTERISTICS OF FRAME ELEMENTS 
3.1 Material Properties 
Deformational properties of the test frames are based on the 
measured stress-strain relationship of the reinforceme~t and the c6ncrete. 
The stress-strain relationship was idealized by mathematical functions 
based on average properties of the materials in order to simplify the 
computations for the moment-curvature relationship of a section. Two 
functions were assumed for the behavior of the reinforcement and the 
concrete under constantly increasing loading. 
(a) Stress-Strain Relationship of the Concrete 
A parabola combined with a straight line as was proposed by 
Hognestad (1951) was adopted in this analysis with some modification. 
Accordingly, 
f = C 
f = c 
f = C 
and 
£t = 
f t = 
0 
£ £ 
f 1[2 c (...E.) 2] 
c £ £ 
0 0 
f f [1 
- Z (£ - £ )] 
C C 0 
£ (1 
0 -/1 - f If f) t c 
- 6.0 ~ 
.c 
£ ~ £ 
o C 
~ £ 
o 
where 
10 
f = stress of the concrete 
c 
fl compressive strength of the concrete, measured from 
c 
4 by 8-in. concrete cyl inder tests 
f t = tensile strength of the concrete, given by Eq. 3.3, 
based on splitting tests of 4 by 8-in. concrete 
cy 1 i nders 
Cc = strain of the concrete 
c = strain at which f' is attained 
o c 
Ct = strain given by Eq. 3.2, which is consistent with 
Eq. 3.1 
Z = constant which defines the descending slope of the 
stress-strain curve. The numerical value of 100.0 
was used in this analysis. 
The proposed curve is shown in .Fig. 3.1, in comparison with 
a measured stress-strain curve. If the strain C at the maximum stress 
o 
is taken directly from a test, the proposed curve shows some discrepancy 
from the measured response. 
From a technical viewpoint it was difficult to read an c 
o 
at the right moment of the maximum stress during a compression test of a 
concrete cyl inder. Therefore, the c was chosen so that Eq. 3.1 gave the 
o 
same strain c as a strain measured at 70 percent of compressive strength. 
c 
The proposed curve with a revised c is shown in Fig. 3.1. It compares 
o 
more favorably with the measured curve. 
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The modified strains € are plotted in Fig. 3.2 with respect to 
o 
compressive strength of the concrete. The general trend is that the 
strain € at compressive strength increases with the compressive strength 
o 
but the points in the figure scatter too widely to formulate a precise 
relation. 
The descending slope was not measured during a compression test 
because of the limitations of the testing machine. Therefore, the constant 
Z, which defines the slope of ~ descending branch, was arbitrarily chosen 
as 100.0. AccordIng to Hognestad (1951), the constant Z will be approxi-
mately 43 for € = 0.003. The effect of the constant on the moment-
. 0 
curvature relation will be discussed in a later section. 
(b) Stress-Strain Relationship of the Steel 
A piecewise '1 inear stress-strain relationship was assumed for 
the reinforcing steel. Accordingly, 
f = E 
€ € 
, 
€ 
5 5 5 5 Y 
f = f' € ~ € ~ €sh s y y s 
(3.4) 
f = f + E (£ - € h) 
€sh' € ~ € S . Y sh s s s su 
f = f £ , € 
S SU su s 
in whi ch 
f = stress of the steel 
s 
f = yield stress of the steel y 
12 
f = ultimate stress of the steel 
su 
E = strain of the steel 
s 
E = strain at which f is attained y y 
ssh = strain at which strain hardening commences 
s = strain at which f is attained 
su su 
E = elastic Young's modulus of the steel 
s 
Esh = modulus to defined stiffness in strain hardening range. 
Young's modulus E of the steel was assumed to be 29,000,000 psi 
s 
in this analysis. The slope for the strain hardening was found from the 
yield stress f , the ultimate stress f ,the strain E h at the strain y su s 
hardening, and the arbitrarily chosen ultimate strain E • A typical 
su 
example of idealized stress-strain relationship of the reinforcing steel 
is shown in Fig. 3.3. The stress-strain relationship of the reinforcing 
steel was assumed to be symmetric with respect to the origin of the 
relationship. 
3.2 Moment-Curvature Relationship of a Section 
The primary moment-curvature curve, which is defined as the 
moment-curvature curve for a constantly increasing load, provides a good 
index to understand the behavior of the section under consideration even 
in the case of reversed loadings. 
The numerical values of bending moments and curvatures corres-
ponding to flexural cracking and yielding can be calculated from the 
geometry of the section, the amount of existing axial load, the properties 
of concrete and reinforcing steel, and with Bernoulli IS Hypothesis, which 
--.,. 
'_. 
13 
assumes a linear strain distribution across the depth of the section. 
(a) Fl exura 1 Cracki ng 
Flexural cracking of a reinforced concrete section was assumed 
to occur when the stress at the tensile extreme fiber of the section 
exceeded the tensile strength of the concrete. 
In addition to the material properties given in Section 3.1, 
stress-strain relationship of the concrete was approximated as being 
linearly elastic. Young1s modulus E of the concrete was calculated as 
c 
the secant modulus at a stress equal to 40 percent of the compressive 
strength. Furthermore, the tensile strength of the concrete was assumed 
to be equal to the tensile strength from splitting tests of 4 by 8-in. 
concrete cylinders. The use of modulus of rupture resulted in values 
which were unrealistically high. 
in wh i ch 
The cracking moment of the section can be written as 
Z = (I + n 1 ) / x 
e c s. 
n = E / E 
s c 
M = cracking moment of a section 
c 
f t = tensile strength of the concrete found from the splitting 
tests Of 4 by 8-in. concrete cyl inders 
14 
cr = axial stress exi sting in the section a 
I = moment inertia of a concrete section along the neutral c 
I = moment inertia of the steel along the neutral axis s 
x = dis tance from the neutral axi s to the extreme tens i le 
fiber of the section 
E = Young1s modulus of reinforcing steel (= 29.0 x 106 psi) 
s 
E = secant modulus of the concrete at 0.4 fl 
c c 
The material properties used are listed in Table 3.1. The 
axi s 
values were taken from a specimen which had average concrete properties 
of the test frames in a series. 
(b) Flexural Yielding 
The flexural yielding was defined as a stage when the tensile 
reinforcement yielded in tension, which generally causes a drastic change 
in the slope of a moment-curvature diagram. If the tensile reinforcement 
is arranged in multi-layers, the stiffness change takes place gradually 
from the commencement of a yielding of the furthest layer reinforcement 
steel to that of the closest layer to the neutral axis of the section. 
If strain and stress distributions were assumed as shown in 
Fig. 3.4, strains and curvature are related by the assumption of linear 
strain distribution: 
....... , 
1 
. ! 
. i 
i 
·1 
in wh i ch 
in which 
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cp = curvature 
E = concrete strain at the extreme compressive fiber 
c 
E' = strain in the compressive reinforcement 
s 
E = strain in the tensile reinforcement 
s 
d
' 
= distance from the extreme compressive fiber to the 
center of compressive reinforcement 
d = distance from the extreme compressive fiber to the 
center of tensile reinforcement 
c = depth of the neutral axis. 
From the equilibrium condition of the resultant force 
c 
Jf fc b dx + A~ f~ - Asfs = N 
-c' 
f = stress in the concrete c 
fl = stress in the ,compressive reinforcement s 
f = stress in the tens i 1 e reinforcement s 
b = width of the cross sect i on 
AI = area of the compressive reinforcement s 
A = area of the tensile reinforcement s 
N = axia 1 load acting on the section 
c l = distance from the neutral axis to the point of the 
maximum tensile stress. 
(3.7) 
16 
The stresses f', f' and f can be calculated by Eq. 3.1 and 3.4 
c s s 
for given strains EI, EI, and E , respectively. 
c s s 
The integration in Eq. 3.7 can be evaluated if a strain E at 
c 
the compressive fiber and depth c to the neutral axis are given: 
c 
x = J f c b dx 
-c l 
Strain at distance x from the neutral axis can be expressed 
X 
E = -- E 
C C 
and rewritten in a differential form 
c dx = -- dE 
E 
C 
Let strain at c l be Et «0), then X can be rewritten as 
x 
E 
C 
= ~c J 
c 
f dE 
C 
If the integration X is evaluated by using Eq. 3.1 
17 
(1) £ , £ ( £ t c 0 
bc G :: )Ee 1 £ £ X f' C ) 2 ( --1 )£ =- - £ -£ C 3 £ C £ t c 0 0 
+2.. E t 2 J 
-) £ 3 £ t 0 
(3.8) 
(2) £ < £ 0 c 
be [ 3. E + 1. £ £t X =-. f' ( --1 )2£ ( - )£ £ C 303 £ t £ t 
c 0 0 
+ {l Z } (£ - Eo~ - - (£ - £ ) 2 c 0 c 
If £ = £ , then the unknowns ¢, £1, £ and c can be uniquely solved by 
s y s c 
Eq. 3.6 and 3.7, a 1 though Eq. 3.7 is a nonlinear equation. 
Bending moment M at the depth x can be calculated: 
c 
M =J f b n dn+ X (x - c) + AI f' (x ...; d I) C S S 
-c l 
(d - x) + N 0 (3.9) + A f (x - - ) 
s s 2 
in which 
o = total depth of the section. 
Th~ integration Y in Eq. 3.9 can be evaluated if Eq. 3.1 is 
subs t i tuted: 
(1) 
£ ~ £ 
o C 
::;: £ 
o 
Y 
Y 
c 
y = J 
-c' 
( --.£ )2 b f' = 
c £ 
C 
1 8 
f b ndn 
c 
G 
£ 
c ) 2 
- £ £ C 
0 
2 1 £ 
--.£) ( - -
"4 3 £ 0 
- ( £t 221 E t ~ )£ (- - - -)£ t 3 4 £ 
0 0 
( --.£ )2 [.2. E2 _ £3 2 1 £t b f' t = (3"-1f -) c £ 12 0 £ £ 
0 o. 0 
+ ~ (1 + z£ ) (£2 2 ) - z (£3 _ £3 ~ - £ 3 0 c 0 c 0 
(3.10) 
In the current analysis a bending moment was evaluated along 
the plastic centroid of the section. 
The above mentioned procedure can be easily applied in the case 
where a strain at the extreme compressive fiber is given. It may not be 
practical to solve Eq. 3.6 and 3.7 directly because the solution may not 
be available in a closed form. Therefore, a recommended procedure is 
first to draw interaction diagrams of the section at a strain either in 
the reinforcement or at the compressive fiber and then to read the bending 
moment at the given axial load. The material properties as well as section 
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properties used are listed in Table 3.2. The axial load-bending moment 
and axial load-curvature interaction diagrams of columns are shown in 
Fig. 3.5 for'the idealized material properties. The calculated values are 
listed in Table 3.3 for two different series of tests. 
3.3 Factors that Affect Moment-Curvature Relationship 
Some factors that affect the moment-curvature relationship of 
the reinforced concrete sections used in this study are briefly discussed. 
(a) Properties of the Concrete 
Properties of the concrete could be summarized by the three 
indices which described the stress-strain relationship of the concrete. 
These indices are compressive strength f', strain E at which the maximum 
c 0 
stress is attained, and descending slope Z after the maximum stress is 
attained. 
Moment-curvature relationship is compared in Fig. 3.6 to see the 
effect of the descending slope Z in a concrete stress-strain relationship. 
All the other material properties and the .section properties were kept the 
same. The value Z does not have any influence on the moment-curvature 
diagram up to the yielding of the tensile reinforcement, because the com-
pressive fiber strain has not reached E , hence has not experienced the 
o 
descending strain at the yielding of the tensile reinforcement. The dif-
ference between two curves is negligible ina practical sense even after 
yielding. However, if the descending slope is steeper in a concrete stress-
strain curve, the straight descending branch crosses the zero stress axis 
~t a smaller limiting strain. Therefore, the compressive concrete starts 
20 
to be ineffective at a smaller limiting strain, which results in the 
failure of the section at a sma11er curvature. 
Moment-curvature relationships are compared in Fig. 3.7 to see 
the effect of the compressive strength f' of the concrete combined with 
c 
the strain s. The upper two curves were from the sections in the first 
o 
two series of the tests, and 'the lower two curves from the sections in 
the last series of the tests. The difference between the two groups was 
the location of tensile and compressive reinforcement and the properties of 
the concrete. The comparison should be made between the two curves of a 
group. The cracking point is affected by the compressive strength of 
the concrete because the cracking moment is proportional to the tensile 
strength of the concrete (Eq. 3.5), which is closeiy related to the com-
pressive strength of the concrete. At and beyond yielding, the section 
wi th a stronger concrete gave a larger moment and a larger curvature for 
the same compressive fiber strain s. If the difference of 13.4 percent 
c 
and 21.7 percent in the compressive strength of the concrete is recognized 
for the upper and the lower groups, respectively, the influence of the 
compressive strength can be considered to be small. 
(b) Properties of the Reinforcement 
Moment-curvature relationships are compared in Fig. 3.8 to note 
the effect of the properties of the reinforcement. Three different stress-
strain curves were considered, but it was not intended to study the effects 
of individual index values such as yield and ultimate stresses, yield, 
strain-hardening and ultimate strains. Elastic Young1s modulus of steel 
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was assumed to be 29,000,000 psi. The properties of the concrete were not 
exactly same, but the compressive strength of 5,140 psi and 5,340 psi 
should not make appreciable difference from the observation in (a) of this 
section. 
The curvatures were almost the same for the same compressi.ve 
fiber strain. The yield moments were affected by the yield stresses of 
the reinforcement. With the commencement of strain-hardening in the 
tensi le reinforcement, the section starts to carry additional moment. The 
second slope seems. to be closely related to the strain-hardening slope of 
the reinforcement. This can be observed in the same figure, where the 
third curve in Fig. 3.8 was calculated from a section with the steepest 
strain-hardening slope. 
(c) Arrangement of Reinforcing Steel 
It may be obvious that the location of reinforcing steel affects 
the moment-curvature relationship of a section. This can be observed in 
Fig. 3.7, where the upper two curves are calculated from section with the 
less concrete cover depth. 
If the distance from the compressive fiber to the tensile rein-
forcement is longer, the moment and curvature for the same compressive 
fiber strain are larger, hence, the start of strain hardening is earlier. 
The cracking point is also affected due to the contribution of steel to 
the moment inertia of the section. 
(d) Existence of Axial Load 
Moment-curvature relationshfps are compared in Fig. 3.9 to see 
the effect of axial load. Curves 2 through 4 were calculated for the axial 
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stresses in the first-,second-cnd third-story columns during a test. If 
an axial stress is larger, the bending moment is larger and the curvature 
is s~al1er for a given compressive fiber strain. The cracking point is 
affected in the same way. -_OJ 
3.4 Ideal ization of Moment-Curvature Relationship 
The primary moment-curvature curve can be expressed, without 
too much distortion, by two points and one slope, i.e., (1) a flexural 
cracking point, (2) a yielding point and (3) a slope after yielding of 
the tensile reinforcement. 
Although the stress-strain relationship of the reinforcement 
has a strong influence on the shape of the moment-curvature curve of a 
section, the tensile tests of 10 coupons from a single No.2 deformed 
bar gave scattering yield stresses and ultimate stresses (Appendix A.l. (b)). 
Therefore, it was decided to use the average values to define the stress-
strain relationship of the reinforcement. 
It was not necessary to take into consideration the difference 
in concrete properties in the series of test frames since the properties 
of concrete had much less influence on the shape of the moment-curvature 
curve than that of the reinforcement. Therefore, the average values were 
used to define the stress-strain relation of the concrete. 
- ---., 
Fig. 3.9 (a) and (b) show the calculated representative moment-
curvature relationship for the first two test series and the last test 
series, respectively. In simplifying the moment-curvature relationship, -.l 
the calculated cracking point was adopted without modification. After the 
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section cracks, the moment-curvature relationship was assumed to follow a 
1 ine which connected the origin and the calculated yield point until the 
moment reached the yielding moment. After the yielding moment is reached, 
the moment-curvature relationship was assumed to follow a line which con-
nected the yield point and a point calculated at the compressive fiber 
strain E = 0.008. 
c 
The idealized moment-curvature relationship is shown in Fig. 3.10 
(a) and (b) for a beam and the third-story column in comparison with the, 
calculated curves.' 
!dealized moment-curvature relationships were developed for one 
beam and each column at the three stories and for two different arrange-
ments of the reinforcement. 
3.5 Moment-Deformation Relationship of a Cantilever Beam 
In analyzing the overall response of the frame, the portion of 
the beam or column between the varying point of contraflexure and the 
joint was considered as a basic unit. Thus the moment-deformation rela-
tionship of a cantilever is one of the fundamental steps of the analytical 
method used . 
To construc~ the moment-deformation curve of a cantilever, the 
bending moment was assumed to be distributed linearly over the length of 
the beam with zero moment at the free end and the maximum moment at the 
fixed end. The deformation was calculated at the free end as displace-
ment and rotation. 
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Shear deformation as well as axial deformation was ~eglected in 
calculati,ng deformation. Therefore, rotation and displacement can be 
computed from the distribution of curvature over the beam and the boundary 
cond it ions. 
An idealized moment-curvature relationship which is described 
in Section 3.4 is used in order to compute free end rotation and displace-
mente An idealized moment-curvature relationship can be expressed as 
three straight lines: 
in which 
M 
¢ = IT 
¢ = i- M 
y 
1 M ¢ = ¢y [1 + ~ ( M 1)] 
y y 
El = initial flexural rigidity 
M = bending moment 
M = cracking moment 
c 
M = yielding moment y 
¢ = curvature 
¢c = cracking curvature 
¢y = y i e ld ing curvature 
M ~ M 
c 
M < M 
Y 
for transformed 
EI = slope in the moment-curvature curve after y 
section 
yielding. 
"\ 
.... "'I.., .. ~!,' 
...... ~ ... ?; 
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If a moment is given, then the curvature is calculated by Eq. 3.11. 
As bending moment varied linearly in the cantilever, the curvature distri-
bution could be defined if the fixed end moment was given. 
Rotation at the free end of a cantilever beam can be calculated 
from a curvature distribution by simply computing area under the curvature 
diagram along the length of a beam. Displacement at the free end of a 
canti lever beam can be calculated from a curvature distribution by comput-
ing the first moment of the curvature diagram along the free end. For a ' 
uniform cantilever beam with a triangular distribution of bending moment, 
the curvature diagram along the beam is defined by the fixed end moment. 
Hence, the free end rotation and the displacement are also defined by the 
fixed end moment. 
If the free end rotation, the free end displacement, and the 
fixed end moment are denoted 'as R(M), D(M) and M, respectively, then the 
first two vari'ables are expressed as the function of the last variable 
as fo 11 ows : -
(1) M ~ M 
c 
L M 
R(M) = 2" • IT 
(3.12) 
L2 M 
D(M) = "3 · IT 
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(2) M. < M ~ M 
c y 
(3) M < M 
Y 
R(M) = I [(1 - A!) t M + "c <l>J 
y 
D(M) = ~2 81 - A~) tM + A! <l>C] 
y 
A 
c 
R (M) =; ~1 - A ) fA + Ii- (1 - A it + A - Ail¥-t Y lY Y yl Y sJ y 
A 
c 
A 
Y 
+!:..A cP 2 c c 
+ A (1 + A ) - 21. 3 J.. + .!:...- A cP ~ cP 2 2 Y Y c A 3 c c 
M 
_ c 
-M 
M 
=-L M 
y . 
in which L = length of the cantilever beam. 
(3.14) 
~---: 
J 
1 
! 
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It should be noted that the free 'end rotation is always propor-
tional to the length of the cantilever beam and that the free end displace-
ment is always proportional to the square of the length of the cantilever. 
Therefore, if the moment-rotation and the moment-displacement relationships 
are prepared for a cantilever of unit length, then the relationship~ can 
be modified for cantilever beam of any length by simpJy being multiplied 
by the length and the square of the length, respectively. 
Moment-rotation relationship for a cantilever of unit length 
was calculated (Fig. 3.11) for the two idealized moment-curvature rela-
tionships .. The corresponding moment-displacement relationships are 
idealized by the three straight lines connecting the origin, cracking, 
yielding, and ultimate points successively. The ultimate point was 
defined as a point when the moment reached a moment at which the extreme 
compressive fiber strain reaches 0.008. The ultimate point is not meant 
to represent the point when the member fails, but is defined merely to 
represent a point after yielding. The idealized moment-rotation and 
rna men t - dis P 1 a c emen t r e 1 at ion s hip s are a 1 so show n i n Fig. 3.] 1 and 3. 1 2 
by broken 1 ines. The numerical values are listed in Table 3.4 for the 
idealized moment-deformation relationships. 
3.6 Rotation due to Bond Slippage at the Ends of a Member 
In addition to the deformation of members in a frame, rotation 
due to the slip of the tensile reinforcement along its ell1bedded length was 
considered at the ends of a member. 
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Bond stress was assumed to be constant along the development length 
with a magnitude u as indicated in Fig. 3.13. From the equil ibrium of 
forces, the development length L is computed, 
in which 
L = 
A f 
s s 
'ITDu 
A = area of the reinforcement 
s 
f = stress in the reinforcement 
s 
o = diameter of a reinforcing bar 
u = average bond stress 
(3.15) 
As the bond stress is constant over the development length, the 
steel stress decreases 1 inearly with the distance and becomes zero at the 
distance of the development length. Therefore, the elongation ~L of the 
reinforcement over the development length yields 
in which 
Lf 
s 
llL = IE 
s 
E = Young1s modulus of the reinforcement. 
s 
(3. 16) 
. If enough development length is provided at each end of a member, 
then the elongation can be rewritten as 
where the area of steel 
llL = ~ • _D_ f2 
o E u s 
s 
'IT 2 is replaced by ~ D . 
-
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If th~ compressive reinforcement does not slip and the joint 
concrete is rigid, the rotation R due to the slip can be evaluated by the 
expression, 
R = nL I (d - d
'
) (3. 17) 
in which 
d = depth of the tensile reinforcement 
d
'
= depth of the compressive reinforcement. 
If the relation between a bending moment and a stress in the 
tensile reinforcement is assumed as 
in which 
f yield stress of the tensile reinforcement· y 
M bending moment at the end of a member 
M = yielding moment at the end of a member y 
Then the rotation is related to the moment by the expression: 
1 D R---
- 8 E u 
s 
(3.18) 
This relation is plotted in Fig. 3.14. The relationship was idealized 
by a bilinear relationship as is shown in Fig. 3.14 by a broken line. The 
first break point was found at M 1 = 2 My' and the second point at M = My on 
the original curve. 
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Bond stress u was assumed to be given by the expression 
u = 6.5 ~ 
The calculated rotations at the yielding of the tensile reinforcement and 
the break-point are listed in Table 3.5. 
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CHAPTER 4 
FRAME ANALYSIS 
4.1 Introductory Remarks 
This chapter describes the method of analysis for a reinforced 
concrete frame subjected to static load reversals and dynamic base dis-
turbances. The method was developed to study the behavior of a reinforced 
concrete frame in an inelastic range. 
The major difficulty in analyzing a reinforced concrete frame 
dynamically as well as statically is that the range of inelastic deforma-
tion of a member extends far from the member ends, which makes the concept 
of equivalent inelastic hinges at the member ends unrealistic unless the 
location of the hinges can be shifted as a function of the amount of 
inelastic deformation and load history. Furthermore, the difficulty also 
lies in that the inelastic deformation of a member is a function of the 
location of the contraflexure point. In the case of dynamic analysis, the 
lack of knowledge on the behavior of reinforced concrete members under load 
reversals makes the problems more difficult to solve. 
The following structural analysis method was developed to ana-
lyze a reinforced concrete empty frame. The stiffness matrix of an 
inelastic member was constructed by taking into account the location of 
the contraflexure point and the distribution of curvature along the member. 
The effect of the curvature distribution was simpl ified ~y considering free-
end deformations of a cantilever representing the portion ofa member be-
tween the end of a member and the contraflexure point. The effect of load 
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history was taken into account by using Takeda IS hysteresis rule (Takeda 
et al, 1970). The detailed derivation of the flexibility matrix for a 
single member is discussed in Appendix E. 
4.2 Assumptions 
An engineering problem is generally idealized and reorganized as 
a mathematical problem, which can be solved either in a closed form or by 
a numerical method. In the formulation of a mathematical model, engineer-
ing judgment has an important role in determining which characteristic is 
most significant and will best approximate the solution. This section 
treats assumptions used in formulating the mathematical model for the 
analysis of the test frames. 
In order to simplify the solution of the problem, eight limiting 
assumptions were made: 
(1) The frame was idealized as a plane frame. The analysis is 
limited in this plane. Out-of-plane action was recorded during the test, 
but the magnitudes were small compared with in-plane action, which justi-
fies two-dimentional analysis in the plane of the frame. 
(2) Every member in the structure was treated as a massless 
line member represented by its centroidal axis. The centroidal axes of 
all the members in the structure lay in the plane in which the response 
of the structure was considered. If the individual members are slender 
and their overall behavior along their centroidal axis is of major con-
cern rather than across their sections, the line member idealization is 
reasonable. 
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(3) The analysis is limited to the small deformation which 
retains the initial configuration. 
(4) Axial and shear deformat1ons of the frame members were 
ignored. When forces are appl ied at the ends of a slender member, the 
total deformation comes largely from flexural deformation. Unless a mem-
ber is very slender, or unless the structure itself is very slender, the 
effect of axial deformation can be neglected. In addition, axial and 
shear deformations of a member to load reversals in an inelastic range 
were not clearly understood. Therefore, theoanalysisowas limited to flex-
ural defo~mation. 
(5) The free end rotation and deflection of all the members as 
a cantilever were assumed to follow the Takeda's hysteresis rule (Takeda 
et al, 1970). This assumption was adopted because very few research 
results are available on the hysteretic behavior of reinforced concrete 
members to load reversals. 
(6) Yield and cracking moments of a member were assumed to be 
independent of the change in axial load, although they were calculated for 
the initial axial load. 
(7) The idealized frame was assumed to be fixed at the base of 
the first-story columns on an infinitely rigid foundation. 
(8) All the mass in the structure was assumed to be concentrated 
at beam-column connections of the structure. 
4.3 Structural System 
Three independent displacement components should be considered 
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in a general plane frame analysis: two mutually perpendicular transla-
tions in a plane and one rotation along an axis normal to the plane. 
In the course of the following analysis, the right-hand screw 
rule was adopted to describe the positive directions of x, y and z axes, 
as shown in Fig. 4.1. 
The above coordinate system was used to describe all the dis-
placement and force components of the structure, the members and the 
joints. In other words, the global coordinate system was used to describe 
the structure, the response of the structure, and the responses of the 
members and the joints. The usage of the global coordinate system elimi-
nated the transformation from a local coordinate system to the global 
coordinate system in assembling a structural stiffness matrix, and from 
the global coordinate system to a local coordinate system in finding mem-
ber forces. 
The structure considered in this analysis was a regular rectangu-
Jar empty frame with arbitrary numbers of stories and bays. In other words, 
for each column line from the first to the top stories, the centroid axes 
of all the columns must lie on the same line. Similarly, for each story 
level from the first bay to the last, centroid axes of all the beams at 
the level were on the same line. Dead loads were attached to the column-
beam joints of each floor so that the beams did not carry their weight as 
in the test. First-story columns were fixed at their bases. The end 
rotation caused by slip of the reinforcement was included in the member 
properties. 
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The assumptions made for the analysis reduced the number of 
degrees of freedom of the structure as follows. The assumption of infinite 
axial rigidity resulted in the same lateral and vertical displacements at 
al] joints of a given level. The assumption of small deformation and the 
assumption that all the deformation results from bending moment alone 
el iminated the vertical displacement component from the analysis. There-
fore, the number of degrees of freedom was reduced to the number of stories 
in the structure in order to describe lateral story displacements and the 
number of joints in order to describe joint rotations. The corresponding 
forces were lateral loads at each floor level and bending moments at each 
joi nt. 
4.4 Stiffness Matrix of a Member 
A member was defined in the analysis as a structural element 
that connected two adjacent structural joints. The member (horizontal or 
vertical) consisted of a flexible line element with two rotational spring 
elements at its ends, and of two rigid zories outside of rotational springs 
(Fig. 4.2). 
A stiffness matrix was developed for a simply supported member 
with external bending moments applied at the suppor:s. Flexibil ity charac-
teristics were first studied for constituent elements of a member under an 
incremental load by assuming piecewise linear force-deformation relation-
ships. The flexibility relations were then assembled for a member and 
transformed into a stiffness relation. 
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(a) Flexibility Relation of a Rotational Spring Element 
A rotational spring element was used to simulate a rotation due 
to the slip of the tensile reinforcement along its embedded length. An 
idealized moment-rotation relationship is described in Section 3.6. 
A small increment of bending moment in a rotational spring 
element results in an incremental rotation proportional to the incremental 
moment if a piecewise linear moment-rotation relationship is assumed. The 
proportional ity constant of a linearly elastic system is called a flexibi-
lity constant. For a piecewise linear moment-rotation relationship, the 
flexibil ity constant f, in general, is a function of the existing moment 
or rotation and of a load history of the spring. 
The relation between an incremental moment ~M and the resultant 
rotation ~R was expressed in the form 
llR = f • llM (4. 1 ) 
in which the flexibility constant f of the spring element was assumed to 
be expressed by the simplified Takeda IS system (Takeda et al, 1970) with a 
bilinear primary force-deflection relation. 
(b) Flexibil ity of an Elastic Prismatic Line Element 
The formation of a flexibility matrix, which transforms end 
external moments to end rotations of a simply supported member, was con-
sidered in the case of a linearly elastic line element. 
1 j 
---., 
--~ , 
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From the assumptions made in Section 4.2, shear and axial defor-
mations of a member were neglected. Incremental elastic rotations ~e;. 
and lle:. at the ends of an element A'B' (Fig. 4.3) can be expressed as a 
function of incremental external moments ~MA' and ~MB' in a matrix form 
in which 
= 
L 
3EI 
L 
6IT 
EI = flexural rigidity of the elastic line element 
L = length of the element A'B' 
(4.2) 
The sign convention was adopted so that clockwise external moment and end 
rotation gave positive values. 
(c) Flexibility Relation of an Inelastic Line Element 
Deformation of an inelastic line element can be divided into 
elastic and inelastic deformations, which can be calculated separately. 
The elastic end rotations of a simply supported line element can be 
expressed by Eq. 4.2. The formulation of a flexibil ity matrix of a simply 
supported line element A'B' due to inelastic deformation was considered 
with incremental external bending moments ~MA' and ~MB" 
An attempt was made to express end rotations of a simply sup-
ported member by deformation of two cantilevers. Detailed derivation is 
described in Appendix E. 
End rotations 68~, and 68~, due to inelastic deformation was 
rewritten in the form 
= 
fll 
11 
fll 
21 
fll 
12 
fll 
22 
(4.3) 
in which f~l' f~2' f~l' and f~2 were calculated from any of Eq. E.14, E.1S, 
and E.16 (Appendix E). It should be noted that the flexibility matrix 
calculated here is not symmetric (f~2 ~ f~l). 
(d) Flexibility and Stiffness Relations of a Line 
with Two Rotational Spring Elements 
Incremental end rotations 68A, and 68 B, of a flexible line ele-
ment with two rotational springs at its ends were calculated by simply 
adding contributions from the constituent elements, 
68 A, 
e 
+ 68~, + 6RA, = 68A, 
(4.4) 
68 B I e + 68~, + 6R B I = 68 B I 
Hence, incremental end rotations were calculated from the incremental 
external moments ~MA' and 6M B, in a matrix form as shown in Eq. 4.5 by 
combining Eq. 4.1,4.2 and 4.3 
. I 
I 
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= (4.5) 
The stiffness matrix of the same member was obtained by simply 
inverting the flexibility matrix in Eq. 4.5, which resulted in the form 
= (4.6) 
The stiffness matrix given here is not symmetric because the 
flexibility matrix for an inelastic member is not symmetric (fi2 ~ fi2). 
(e) . Treatment of Rigid Zones at the Ends of a Member 
The flexural rigidity of a beam-column joint core*, in general, 
is much greater than that of a member. Therefore, the core can be treated 
as a rigid zone as far as flexural deformation is concerned. Two rigid 
zones AAI and BIB of length AAL and ABL were attached to a flexible part 
AlB' of length L outside of rotational springs (Fig. 4.2). 
Moments ~MA and ~MB at the rigid ends of member were related to 
moments ~MA' and ~MB' at the ends of a flexible part (Fig. 4.4) through a 
* Joint core is the part common to both the beam and the column. 
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coordinate transformation in the form 
(4.7) 
Similarly, rotations ~eAland ~eBlat the ends of a flexible part 
including rotations from rotational springs were related to rotation ~eA 
and ~eB at the rigid ends as shown by Eq. 4.8. 
= (4.8) 
By combining Eq. 4.6, 4.7 and 4.8, the moment-rotation relation-
ship of a simply supported member can be written in the form 
= (4.9) 
Each member was treated as a unit in the analysis of the frame. 
The member could be either a beam or a column depending on the orientation 
of the principal axis of the member. 
.. : 
--.~ 
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4.5 Formation of the Structural Stiffness Matrix 
A member stiffness matrix was constructed based on a behavior of 
a simply supported member with external bending moments applied at the 
supports. The force-displacement relations of a column and a beam were 
studied separately in terms of the general ized forces and displacemehts 
of a frame. The generalized displacements of a frame were lateral story 
displacements {U} and joint rotations {e}. The corresponding forces were 
lateral load {P}at each floor level and bending moments {M} at each joint. 
As all the joints in a story level experienced the same transla-
tional displacements, the principal axis of a beam was always parallel to 
the initial principal axis of the beam. Therefore, incremental member end 
rotations are the same as the incremental joint rotations of the structure. 
The force-displacement relation of a beam in terms of generalized forces 
and displacement took the same form as is shown in Eq. 4.9: 
where 
= (4.10) 
~MA' ~MB = contribution to joint bending moments at A and B of 
a structure from member AB 
~eA' ~eB = incremental joint rotation at A and B of a structure. 
A relative story displacement causes the principal axis of a 
column to rotate from the initial vertical position (Fig. 4.5). In order 
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to take into account the rigid body rotation of the principaJ axis of a 
column, incremental end rotations ~eA and ~eB of a simply supported member 
should be calculated from incremental joint rotations~8A and ~8B' and 
incremental lateral story displacements ~UA and ~UB of the structure as 
~e A ( , 
, . 
0 1 -1 
L (1 +~ A + ~B) L (1+AA+ ~B) ~e B 
0 1 -1 L(l + ~A + ~B) L(l+AA+ ~B) 
(4.]1) 
~UA 
~UB 
The incremental lateral reactions at the supports of a simply 
supported column were related to the incremental story forces ~PA and ~PB 
contributed from column AB. Therefore, the contributions to generalized 
forces of a frame from a column were expressed by Eq. 4.12. 
o 
o 
(4.12) 
] 1 
-L -r::(1~+--=A-A-+---=:-A-B"T"") ru +A A + A B } 
-] -1 
It"'C ..... ( ':""1 +~A-A-+ -:-~-B..,...} L (J + ~ A + A B) 
The force-displacement relation of a column was expressed by simply com-
bin i ng Eq. 4.9, 4.] 1 and 4. 12. 
-,'-
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The formulation of the structural stiffness matrix was accom-
plished by addi~ force contributions from all the members in a frame at 
each story and joint. The force-displacement relation was arranged in 
the form 
K I K I 
·1 1 I '12 
I 
I (4.13) = -----1-- ---I 
I 
K I K I 21 I 22 
in whi ch 
Kll = submatr i x of size, number of s tor i es by number of stories 
Kl2 = submatri x of size, number of stori es by number of joints 
~, . 
K2l = subm,atr i x of size, number of jo i nts by number of stories 
K22 = s ubmatr i x of size, number of joints by number of joints 
flP = incremental story force vector 
flM = incremental joint moment vector 
flU = incremental story displacement vector 
fl8 = incremental joint rotation vector 
4.6 Stat i c Analysis of Frames to Constantl:i Increasing LSl tera 1 Loads 
An application of the proposed frame analysis method is dis-
cussed for a static case where a known set of lateral loads were applied 
to a reinforced concrete frame at a very small load increment up to the 
failure. The behavior 6f the structure depends gre~tly on the load dis-
tribution chosen in the problem. A set of external lateral loads were 
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increased monotonously in one direction. The structure was treated as a 
1 inearly elastic system during a load increment. Member forces were cal-
culated at the end of each load increment. If a member force exceeded a 
1 imiting stress, the member stiffness was modified for the next load 
increment. This procedure is similar to the limit analysis, although 
the method developed here recognizes more realistic moment-curvature 
relationships for reinforced concrete members. 
Only the lateral external loads were considered. The external 
moments at the joints in a structure were assumed to be zero. Then Eq. 
4.13 can be rewritten in two matrix equations: 
.--" .. -; 
(4.14) 
From the second equation of Eq. 4. 14, {~e} can be solved as 
{Le} (4.15) 
Therefore~ the first equation of Eq. 4.14 can be reduced to 
{~p} = [K] {~U} (4.16) 
in which 
[K] (4.17) 
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The matrix [K] can be called a IIreduced ll structural stiffness matrix, 
which related lateral displacements to lateral forces. Eq. 4.16 is 
solved for lateral displacements from a given set of lateral load and 
a known structural stiffness. Joint rotations are calculated by Eq. 4.15 
from known lateral displacements. Member forces are calculated by a 
stiffness relation of the member and joint displacements. 
4.7 Dynamic Analysis of Frames to Base Motions 
(a) Equation of Motion of an Undamped System 
The equation of motion of a structure was developed from the 
equi 1 ibrium conditions of story forces and joint moments. Forces are 
induced by structural resistance and mass inertia. By the assumption 
that the rotational and mass inertia of members and joints were ignored, 
mass inertia was considered only at each story level. 
It was assumed that the structural properties do not change 
during a small time increment. The equation of motion without damping 
was written for a small time increment as 
= - [M]' {D.X } 
o 
(4.18) 
in which 
[M] = diagonal story mass matrix 
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[K ll ], [K12], [K2l ], [K22 ] = submatrices of a structural stiffness 
matrix in Eq. 4.13 
{flU} = incremental story displacement vector 
{fle} = incremental joint rotation vector 
{flU} = incremental story acceleration vector 
{~X 
0 
} = incremental base acceleration vector 
The structural characteristics were revised at each time step after the 
incremental responses were calculated. 
From the second part of Eq. 4.18, joint rotations were solved 
as 
(4.19) 
If Eq. 4.19 is substituted into the first part of Eq. 4.18, the equation 
of motion yields to 
[M] {6U} + [K] {6U} = - [M)' {6X } 
o 
(4.20) 
in which 
(4.21) 
(b) Treatment of Damping 
The word IIdamping" has been used for a long time in structural 
dynamics with damping recognized as a resisting force as well as a source 
of energy dissipation. Damping was probably introduced in mechanical 
vibration due to the fact that the motion of any mechanical system under 
--~ 
~. 
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oscillation tends to diminish its amplitude with time if the energy is 
not supplied to the system, a phenomenon which could not be explained by 
elastic mechanical vibrations without introducing some kind of energy 
absorbing mechanism either in or out of the system. 
Rayleigh (1877) considered two types of damping in his book, 
"The Theory of Sound", in which he said, "Jf we suppose that each particle 
of the system is retarded by forces proportional ... to the absolute 
velocities; ... it is equally important to consider such (retarding 
forces) as depend on the relative velocities of the parts of the system, 
II Since then the damping has been generally treated as a viscous 
type which is proportional to absolute or relative velocities. 
Jt can be claimed that damping has been introduced to reconcile 
the existence of som~ unknown sources of energy absorption, and that the 
viscous type damping was adopted because of mathematical simplicity. 
If the mechanism and source of damping are clearly known quan-
titatively, then damping should be consid~red at the member level in a 
structural analysis. However, a precise quantitative value of damping 
is seldom available. Therefore, damping was considered at the structural 
level as some unknown source of energy dissipation in this analysis. 
The expression should be simple and easy to solve. Consequently, 
viscous type damping was adopted: forces which are proportional to velo-
cities of each floor relative to floors and proportional to velocities 
of each floor relative to the base of the structure. 
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Mathematically, this is essentially the same as introduced by 
Rayleigh, except that velocities are measured from the base of the struc-
ture rather than from the absolute reference. The reason for this differ-
ence is that the supports of mechanical system do not move in absolute 
coordinates in Rayleigh's study. 
The form of the damping matrix [C] in the equation of motion 
was assumed to have the form 
(4.22) 
where Cl and C2 are constants. The equation of motion is rewritten 
[M]" {~U} + [C] {~0}"+ [K] {~U} =-[M] {~~ } 
o 
(4.23 ) 
in which 
"{~u} = incremental story velocity vector --, 
j 
Equation 4.23 can be found in the most textbooks on structural dynamics. 
(c) Modal Analysis of Test Frames 
It has been known that a linearly elastic system with small 
" ! 
damping effect has its own frequencies and shapes of vibration. The for-
mulation of an eigen value problem can be found in many textbooks on 
structural dynamics. 
Since the mass matrix [M] is a diagonal matrix with positive 
d o 1 1 h . . [M]-1/2 h h lagona e ements, t ere eXist a matrix suc t at -, 
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Consider matrices [e] and [K] expressed in Eq. 4.24, 
(4.24) 
then they are symmetrix and nonnegative since Ie] and [K] are symmetric 
and nonnegative. Furthermore, since the damping matrix used is a linear 
combination of the mass and stiffness matrices, the system possesses 
classical normal modes. 
in which 
(4.25) 
[¢] = real orthogonal matrix such that I¢]T[¢] = II], which 
diagonalizes matrices Ie] and [K] 
{Z} = vector with modal response components 
Then the equation of motion can be written in the form 
(4.26) 
Matrices [¢]T [e] [¢] and [¢]T [K] [¢] are diagonal matrices with diagonal 
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elements 2 S wand w2 , respectively: w is a circular frequency of the 
s s s s 
th th 
s mode, and S is a damping factor of the s mode. 
s 
Damping factors and circular natural frequencies are related 
to constants Cl and C2 in, Eq. 4.22 in the following fashion: 
Or for each row of the matrix equation 
(4.27) 
Therefore, C1 and C2 are determined for given damping factors from two 
different modes. 
Let 
(4.28 ) 
where I~] = transformation matrix which consists of mode shape vectors. 
Equation 4.26 can be rewritten in the form 
(4.29) 
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in which 
or 
in wh i ch 
5] 
D[2 S w] = diagonal matr i x with diagonal elements 2 S w for s s s s 
s = 1 , ••• , N 
D[ w2 ] = diagonal matrix with diagonal elements w2 for s s 
s = 1 , ••• , N 
N = number of degrees of freedom of the system. 
c = 
s 
{Z} + D[2 S w]' {t} + D[ w2 ] {Z} = ~{C } X 
s s s s 0 
N 
I m. 1jJ. fo r s = 1, 2, ... , N I S I 
;=1 
C is called a modal participation factor. 
s 
(4.30) 
From Eq. 4.30, the linearly elastic response of the syste~ can be calcu-
lated in the following way. The response.at a particular time can be 
expressed as the sum of all modal contributions. Each modal contribution 
can be calculated as product of the mode shape and the response of a 
single-degree-of-freedom system at that particular time and the modal 
participation factor which is the sum of story masses mUltiplied by mode 
shape vector at corresponding story levels .. As linear operation alone 
was used in the above derivation, stress and strain responses are also 
calculated as the sum of modal contributions in stress and strain res-
ponses. 
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(d) Numerical Solution of the Equation of Motion 
The equation of motion can be solved numerically assuming the 
properties of the structure does not change between two time steps. 
Linear variation of acceleration over the time interval was assumed in 
solving the equation of motion by a numerical method. With this assump-
tion, the incremental velocity {~U} and acceleration {~U} can be expressed 
in terms of incremental displacement {~U} and the previous step accelera-
tion" {U}, velocity" {U} and displacement" {U}. 
(4.31) 
Equation 4.23 combined with Eq. 4.31 can be solved for the incremental 
displacement {~U} in the form 
(4.32) 
in which 
[A] = 6[M] /~T2 + 3[C] / ~T + [K] 
I 
= [M] [6" {U} / ~T + 3 {u} - {~X }] 
o 
(4.33) 
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The incremental velocity and accelerations were calculated from 
Eq. 4.31. The incremental joint rotations were calculated from Eq. 4.19. 
(e) Correction of Unbalanced Forces 
When the responses of a frame were calculated in the incremental 
form, the total forces may violate the equilibrium condition at the joints 
and at the story level. Two major sources of the error were considered. 
The equation of motion was solved by a numerical procedure 
between two time steps for the incremental responses. The responses at 
a time step was calculated as the sum of all the increments to that time 
step. The equilibrium condition for forces was satisfied incrementally, 
but the accumulation of numerical errors may cause the unbalance of resul-
tant forces. The accumulation of numerical error was not corrected in 
the analysis. 
The" force-deformation relationships of structural members were 
ideal ized to be piecewise linear, while the responses from the equation 
of motion may result in the deviation of member forces from the assumed 
force-deformation relationships. In the dynamic analysis used, the 
deviation of fqrces was corrected so as to satisfy the force-d~formation 
relationships at each time step. Due to the correction, the 
equil ibrium condition was violated in the equation of motion. The 
unbalanced moments at each joint were detected by simply adding incre-
mental member end moments at the joint, and were included in the equation 
of motion as correction terms. 
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The unbalanced story forces were hard to detect because the 
total story forces should be examined for the equilibrium. It was thought 
that the assumption of the damping mechanism might cause a larger error 
in the story response than that from unbalanced story force. Therefore, 
the story forces were corrected only for the terms that were resulted 
from the unbalanced moments at the joints. 
-1 
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CHAPTER 5 
OBSERVED RESPONSES DURING SIMULATED EARTHQUAKE TESTS 
5.1 Introductory Remarks 
This chapter describes the observed behavior of the test speci-
mens subjected to simulated earthquake motions. Three specimens Dl,' D2, 
and D3, each consisting of two identically designed frames, were tested 
on the earthquake simulator platform under a series of simulated earthquake 
motions. The outline of the experimental work was described in Chapter 2~ 
The spectrum intensity, which is a measure of the intensity of 
base motio~, was used as a basis for comparing the behavior of the test 
specimens under different base motions. The values of the spectrum 
intensity should not be directly compared with those calculated from a 
real earthquake because of the difference in linear and time scales between 
full-scale structures and the test specimens: the test specimens represented 
approximately ~ne-eighth of a prototype structure, and the original time 
axis was compressed by a factor of 2.5 in the test. 
Observations were made on the r~corded signals during a test 
run and on the crack patterns after a test run. Response signals were 
studied for their maximum values, waveforms and frequency components. 
5.2 Index to Define the Intensity of Base Motion . 
It is necessary to define an index for the intensity of base 
motion in addition to maximum acceleration in order to have a basis for 
comparing structural response to different earthquake motions. 
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When an earthquake waveform is fed into the command center of the 
earthquake simulator, the amplitudes of the earthquake signal are linearly 
proportioned by a potentiometer, designated IISpanl'. The value at which the 
"Span" dial is set represents the best index for the intensity of base 
motion. This value, however, does not have an engineering meaning by 
itself, and does not work as a reference if the input earthquake signal 
is changed. 
The maximum acceleration on the test platform is a good index 
for representing the intensity of a given base motion. Measured maximum 
base accelerations are compared in Fig. 5.1 with the dial setting of "Span" 
in Test 01, where the "Span"setting was increased from one test run to 
another without any change in the input earthquake motion up to the fifth 
run. The maximum accelerations increased with "Span" settings, but they 
were not proportional to the "Span" settings. This may be because the 
base acceleration contains high frequency components and the maximum value 
is very sensitive to the existence of high frequency noise. Consequently, 
the maximum base acceleration is not considered to be a good index. 
Housner (1952) proposed spectrum intensities to develop a measure 
of the intensity of ground motion. The spectrum intensity is defined to 
be the area under a velocity response spectrum curve between periods of 
0.1 and 2.5 sec 
2.5 
SIS = J S v (S, T) dT 
0.1 
(5.1) 
• -. ~ 1 
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in wh i ch 
SiS = spectrum intensity at damping S 
S (S, T) = velocity response curve v 
S = damping factor in percent 
T = period of a linearly elastic system 
Spectrum intensities of base acceleration signals measured on 
the earthquake simulator platform were calculated between 0.4 and 1.0 sec 
and periodS in order to be consistent with the time scale of 1/2.5. 
Spectrum intensities are compared with the "Span" dial settings 
in Fig. 5.~ for damping factors 0, 5 and 20 percent of critical. Solid 
circles were calculated from acceleration records measured at the base of 
the north frame in Test 01. Open circles were calculated from accelera-
tion records measured at the base of the south frame. The discrepancy 
between solid and empty circles should be largely due to the error in 
calibrating the two signals. Spectrum intensities for the three damping 
factors can be observed to be proportional to the "Span" dial settings. 
Therefore, the spectrum intensity was chosen to define the intensity of 
base motion. A damping factor of 0.20 is used to calculate the spectrum 
intensity in this report because the shape of the response spectrum curve 
is less sensitive to the input waveform for larger ,damping factors. 
Spectrum intensities for damping factors of 0.0 and 0.05 are compared with 
that for a damping factor of 0.20 in Fig. 5.3 for sixteen test runs in 
Tests 01 through 03. Spectrum .intensities at the damptng factor of 0.0 
were affected by the sh~pe of base acceleration reco~d, while those at a 
damping factor of 0.05 were not. 
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Spectrum intensities are compared with maximum base accelerations 
in Fig. 5.4 for a11 sixteen test runs. Up to a spectrum intensity of 
approximately 120.0 in., a linear relation exists between the maximum 
acceleration and the spectrum intensity, but after that the maximum 
acceleration increases more rapidly than the spectrum intensity. Evidently, 
there was distortion of the waveform beyond accelerations of approximately 
1.2 g. 
5.3 General Observations 
(a) Instrumentation 
The detailed description of instrumentation can be found in 
... ! 
Appendix A.4. A brief description is presented in this section. Behavior 
of the specimen was measured in terms of displacements at the three beam 
levels relative to the base of the frame, and absolute accelerations at 
the same three levels. 
Deformation of the test frames was measured at the three beam 
.. _- 1 
levels and the base girder relative to the steel A-frames (Fig. A.19 in 
Appendix A). The displacement measurement at the base girder indicated '---~::', 
.j 
that the base of the test frames did not move relative to the A-frames I 
more than 0.01 in., well within the accuracy of the instruments. The 
natural frequency of the steel A-frames was 70 Hz. Inspection of the 
.. -.... , 
, 
displacement records revealed no motion at that frequency range at any 
level. Therefore, the measured displacement signals at the three levels 
were assumed to represent displacements relative to the base of the frame. 
I' 
i 
: 
'--
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The displacement waveforms reported in this chapter were measured on the 
south frame in Test 01 and on the north frame in Tests 02 and 03. The 
choice of the frame was arbitrary: signals reported were those which were 
recorded on the same tape as the acceleration signals. 
Accelerations were measured at two locations on a steel rack at 
each of the three levels in the fundamental direction of motion. The 
signals measured at east side of the steel racks are reported here. Base 
accelerations were measured at the top of the base girders of the test 
frames. The signals measured on the south frame are presented with their 
response spectra. The choice of gages was arbitrary, but the waveforms 
measured at two locations of the same level were almost identical (Appen-
dix A.4). 
Base shears and overturning moments for a single frame were cal-
culated from the measured acceleration signals at the three levels combined 
with the story weight (980 lb/story) and the story heights. Base shear 
was defined as a lateral force acting in the first story and was calculated 
at each time step as an algebraic sum of the products of the story masses 
and the acceleration amplitudes at the corresponding levels. Base over-
turning moment was defined as the base moment on the structure as a whole 
due to story lateral forces and was calculated at each time step as an 
algebraic sum of the products of the level height from the base and lateral 
forces at the corresponding levels. The overturning effect of gravity 
loads acting through the sidesway displacements (the p-~ effect) was ignored 
in calculating base moments. 
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(b) Base Motion 
The acceleration signals of the El Centro (1940) NS component 
and the Taft (1952) N21E component were used as input to the earthquake 
simulator. The original time axes were compressed by a factor of 2.5 and 
the amplitudes of acceleration was increased after each run. Properties 
of the base motions are listed in Table 2.1. 
The El Centro record was used in the first two to five runs with 
increasing intensities of the motion until the capacity of the earthquake 
simulator was reached. Then the Taft record was used. 
Response spectra of a base motion were calculated for each run 
of the tests, and plotted on a tripartite logarithmic graph by calculating 
maximum displacement response of a series of linearly elastic systems to 
the base motion. The frequency of the systems was varied from 0.5 Hz to 
50 Hz, which covered the frequencies of most of practical structures in 
the model time scale. Damping factors of 0, 5, and 20 percent of critical 
were used. 
Response spectra (a) through (e) in Fig. 5.27 were made for the 
base motions, which intensity was increased after each run without chang-
ing their input earthquake waveform (the El Centro 1940 NS component) to 
the earthquake simulator. The shapes of the response spectra were quite 
similar (in a logarithmic plot) for different runs. The difference among 
them was in magnitude. 
Response spectra (f) in ~ig. 5.27 was made for the base motion 
which simulated the Taft (1952) N21E component. If response spectra (e) 
and (f) in Fig. 5.27 are compared, the difference can be noticed. Hudson 
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(1962) pointed that a Fourier spectrum of ground acceleration was similar 
to the zero-damped velocity response spectrum. In other words, the zero-
damped velocity response spectrum indicates approximately the frequency 
content of the ground motion. When the two response spectra are compared 
in this sense, the simulated El Centro acceleration waveform is seen'to 
contain large-amplitude frequencies over a wider range than the simulated 
Taft acceleration waveform. 
(c) Measured Wavef6rms 
Measured response waveforms are shown in Fig. 5.20 through 5.25, 
Fig. 5.33 through 5.36, and Fig. 5.44 through 5.47. Detailed observations 
are presented separately in Section 5.4, 5.5, and 5.6 for 'each test. 
General observations about the measured waveforms are: 
(1) Base acceleration waveform simulated closely the original 
acceleration time history without noticeable noise (Fig. A.26 
in Appendix A). 
(2) Base shear waveform was governed by the "first mode" com-
ponent for the first one or two runs in a test, but was 
gradually influenced by the "second mode" component as the 
runs were continued. The "third mode" component did not 
show up noticeably in the waveform. 
(3) Base overturning moment waveform was almost exclusively 
governed by the IIf irs t model I component. The waveform was 
quite similar to the third-level displacement waveform in 
the early runs of each test. 
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(4) Acceleration waveforms contained more of "higher mode ll 
components, especially at the lower two levels. As the 
base acceleration was increased, the Ilhigher modell compo-
nents became more perceptible even in the third-level wave-
form, in which the IIfirst modell component had prevai led. 
(5) The displacement waveforms were very smooth at the three 
levels. As the frame became damaged, the center of oscil-
lation shifted after a large oscillation due to inelastic 
deformation. The three signals oscillated in the same phase. 
(6) Damping factors of a specimen measured in a free vibration 
part of a run ranged from 4 to 7 percent of critical for 
the first mode even after the specimen was severely damaged. 
The terms Ilfirst modell, Iisecond modell, and Iithird mode ll were used 
to describe the phase relationship of the three signals. IIFi rst modell 
implies that all three level signals oscillated in the same phase. IISecond 
modell implies that only two adjacent level signals were in the same phase. 
IIThird modell implies that the first- and the third-level signals were in 
phase. 
Existence of certain frequencies associated with these three 
modes was observed during the test runs, although the frequencies changed 
evidently related to the amount of structural damage. The existence of 
such frequencies can be best demonstrated by examining a smooth base shear 
waveform which is obtained by summing three acceleration signals with 
higher frequency components (for example, see Fig. 5.20 (b), (d), (e), and 
(f)). For the sum to be smooth, those higher frequency components should 
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be contained in at least two level waveforms and completely out of phase. 
The usage of the terms is consistent with the vibration modes associated 
with a linearly elastic system. 
(d) Change in Dominant Frequencies 
Frequencies associated with each mode of vibration were measured. 
The first-mode frequency was found on displacement signal traces. The 
secon~and the third-mode frequencies were more easily identified on the 
first-or the second-level acceleration signal traces. A period of three 
to ten cycles of clearly identified oscillation was measured, and the 
average f r.eq uency was determ i ned. As the tes t p rag ressed, the per i od of 
oscillation changed noticeably even in two adjacent cycles. 
The ratio of the measured lowest frequency in a run to calculated 
elastic natural frequency was plotted for each mode as a function of the 
average of positive and negative extreme displacements at the third level 
(Fig. 5.5, 5.6, and 5.7). The calculated natural frequencies are listed 
be1OVJ. 
Calculated Frequencies 
Specimens D1 and D2 Specimen D2 
Hz Hz 
First Mode 7.23 6.89 
Second Mode 23.8 22.8 
Third Mode 41.5 39.8 
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The calculation was based on uncracked transformed sections without rigid 
zones in joints nor rotational spri,ngs at the ends of members. 
The ratio decreased with increasi~g amplitudes of oscillation. 
The decay rate was slower for higher modes. A free vibration test before 
the earthquake Test 01 indicated that the frequencies were approximately 
80 percent of the calculated frequencies. The first-mode frequency at the 
end of the last run was reduced to about a quarter of the calculated fre-
quency. 
(e) Crack Patterns 
Shrinkage cracks were observed at the corners of each test frame 
along transverse reinforcement in the columns and along column longitudinal 
reinforcement in the base girder. Furthermore, in spite of the careful 
handling, unavoidable cracks were added in the beam-column connections when 
the steel racks were secured to the test frames. Vertical cracks in the 
base girder along steel pipes formed when the frames were fastened to the 
earthquake simulator platform. 
Crack patterns were marked after each run of each test on both 
frames. The crack patterns presented here refer to the south frame. 
Cracks were generally observed first at the base of the first-
story columns, in the first-and the second-level joint cores, and at the 
ends of the first-and second-level beams. Diagonal cracks in the joint 
cores were observed even in the first run. Cracks gradually spread along 
the first-and the second-story columns, and the first-and the second-level 
beams. 
I 
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Diagonal cracks in the first story columns appeared when the 
maximum base acceleration exceeded approximately 0.7 g. As the test 
proceeded, cracks spread in the frame. Wide cracks were observed at the 
base of the first-story columns, at the ends of the first-level beam, and 
at the top of the second-story columns. Sometimes wide cracks were 
observed at the ends of the second-level beam. 
Diagonal cracks in the joint might also have been influenced by 
the constraint from the steel racks which were very stiff and tended to 
stay parallel to the test platform, whereas the joint cores tended to 
rota te. 
(f) Maximum Response 
Maxima were picked automatically during the electronic data 
reduction process from the measured response waveforms for each run. As 
the three specimens have comparable strengths, their responses are compared 
directly. The intensity of base motion was defined by the spectrum inten-
sity (SI 20 ) at 20 percent of critical damping as discussed in Section 5.2. 
Maximum base shears and overturning moments are shown in Fig. 5.8 
and 5.9. In both figures, the maximum values increase linearly with spec-
trum intensity up to a spectrum intensity of approximately 10.0 in., and 
then appear to reach a plateau at a base shear of 2.8 kip and a base oVer-
turning moment of 110 kip-in. Those values are larger than the ones pre-
dieted by an elasto-plastic mechanism analysis to be discussed in Chapter 6. 
When the intensity of base motion was increased slightly after Ilyielding", 
the maximum values tended to decrease. The fact that Specimen D3 was 
slightly weaker than the others did not show up in the figures. 
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Maximum base overturning moments ar~ plotted with respect to 
maximum base shears in Fig. 5.10. Base shear is the total force that the 
structure carries at a particular instance, and is distributed at each 
floor level. The distributed lateral forces cause a base overturning 
moment. Therefore, a comparison of base shear and overturning moment 
indicates an "equivalent height" at which the base shear can be concen-
trated to produce the same overturning effect at the base. From the figure, 
the lIequivalent'l height can be located above the second level, but below 
the mid-height of the third-story column. The "equ ivalent height" is at 
the second level for a uniform lateral-force distribution, ~nd at 40.7 in. 
from the base for a triangular distribution. 
Maximum accelerations at each level are compared with spectrum 
intensities in Fig. 5.11. The maximum accelerations increased with spec-
trum intensity up to a spectrum intensity of approximately 10 in. After 
... , 
I 
~ 
that the maximum acceleration increased at a very slow rate. Maximum 
acceleration in each run increased with height of the level up to the 
'~ielding", and after that the maximum accelerations at the first level 
increased at a higher rate than the other two. The amount of increase in 
the maximum acceleration after the lIy ielding" seemed to depend on the 
activity of the second-mode component, which was most active in the first-
level ac~eleration signal. The difference in strength of the specimens 
did not show up in the comparisons. 
The total displacement range is compared with spectrum intensity 
in Fig. 5.12. The total displacement was used as an index for the maximum 
...... 
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displacement in this report. The reasons for this are as follows: 
(1) The absolute maximum displacement is affected by the 
location of the zero axis, which could have been shifted 
between test runs due to the influence of temperature 
change on the electronic recording devices, or due to an 
accidental shock given to a specimen whi le crack patterns 
of a specimen were studied. 
(2) It is easy to find the extreme dis p 1 acemen ts in the two 
directions during a data reduction process. 
(3) The total displacement range was independent of the loca-
tion of the zero axis. 
(4) As a specimen oscillated almost evenly in the two directions 
during a test run, the total displacement range was not 
too far from twice the maximum displacement. 
The average extreme displacement increased almost 1 inearly with spectrum 
intensity. Specimens Dl and D2 behaved similarly, whereas Specimen 03, 
which is weaker than the other two specimens (see Chapter 2), gave larger 
displacements at the three levels. 
Maximum base shears are compared with average extreme displace-
ments at the first level in Fig. 5.13, which shows a trend similar to 
that in Fig. 5.8. The maximum base shear seemed to have reached a limit 
at approximately 2.8 kip. 
The maximum base shear and overturning moment are generally 
smaller than the ones calculated by assuming all the maximum lateral 
forces to occur at the same moment. As noted in (c) of this section, the 
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first-level acceleration waveform contained higher frequency components, 
and its maximum occurred at a time different from the time for the maxima 
in upper level acceleration waveforms. The ratios of measured maximum 
base shear and overturning moment to those calculated from the maximum 
lateral forces are plotted in Fig. 5.14. The ratio tends to decrease after 
a spectrum intensity of 20 in. This is consistent with the observation of 
response waveforms that higher mode components became dominant as the 
damage progressed in a specimen. The decay rate is faster for the base 
shear, which is consistent with the observation of response 'waveforms that 
the base shear waveform contained more higher frequency components than 
the base overturning moment. 
5.4 Tes t 01 
The intensity of base motion was increased in this 'test from 
Run 01-1 to Run Dl-5 using the El Centro (1940) NS component as input for 
the earthquake simulator. The intensity of base motion was intended to 
increase by 50 percent after each run. When the capacity of the earthquake 
simulator was reached, the Taft (1952) N21E component was used at full 
capac i ty. 
Observed behavior of the specimen is summarized in Table 5.1. 
Immediately before the test a small shock was applied to the earthquake 
simulator platform. The natural frequencies of the test specimen were 
determined to be 5.7 Hz for the first mode, and 18.7 Hz for the second 
mode. The third mode was not discernible in the acceleration trace. 
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(a) Run 01-1 
The maximum base acceleration was measured to be 0.24 g. The 
spectrum intensity (SI 20 ) at a 20 percent of critical damping was found to 
be 4.55 in. The measured response waveforms are shown in Fig. 5.20, and 
the response spectra in Fig. 5.27 (a). Crack patterns were not recorded 
after this run. 
Large displacements occurred at 1 and -5 sec from the beginning 
of the base motion. The large osci llations lasted a few seconds. Response 
waveforms were generally smooth and governed by the first-mode component 
except th~ first-level acceleration waveform, in which the second-mode 
component was also observed. The displacement waveforms at the three levels 
were very similar. 
The frequency associated with the first mode decreased with time: 
4.2 Hz in the first 4.5 sec period, 4.0 Hz in the middle 4.5 sec period, 
and 3.6 Hz in. the last 4.5 sec period. 
(b) Run 01-2 
The maximum base acceleration was measured to be 0.40 g. The 
spectrum intensity was 7.06 in. Measured response waveforms are shown in 
Fig. 5.21, the crack pattern in Fig. 5.26 (b), and the response spectra in 
Fig. 5.27 (b). The waveforms in this run were similar to those in Run 01-1. 
The free vibration part decayed at a faster rate than before. 
The frequency associated with the first mode decreased to 3.4 Hz 
at the end. The second- and the third-mode frequencies were measured to 
be 12 Hz and 23 Hz respectively, in the latter half of the run. 
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Cracks were observed at the ends of the three beams, at the top 
and the bottom of the first-story columns. Diagonal cracks were observed 
in some joint cores in the first and second levels. Cracks along beam 
members were not examined closely. 
(c) Run Dl-3 
The maximum base acceleration was measured to be 0.52 g. The 
spectrum intensity was ]0.7 in. Measured waveforms are shown in Fig. 5.22, 
crack pattern in Fig. 5.26 (c), and response spectra in Fig. 5.27 (c). 
Large responses were observed at l~ 2, and 5 sec from the begin-
ning of the base motion. The second-mode component was cl,early seen in 
base-shear, overturning-moment and third-level acceleration waveforms 
overlapping the first-mode component. Higher mode components became more 
active in the second-level acceleration waveform. Peaks of the accelera-
tion signals did not occur simultaneously due to the existence of higher 
mode components. Large oscillations in displacement waveforms diminished 
at a faster rate than before. The latter half of the displacement wave-
forms had an almost uniform amplitude of approximately half the maximum 
amplitude. 
The first-mode frequency was 3.3 Hz for the first 6-sec period 
and 3.0 Hz to 2.8 Hz for the rest of the run. The second- and the third-
mode frequencies were 13 Hz and 22 Hz, respectively, in the first 4-sec 
period, but the second-mode frequency dropped to 12 Hz after a large 
oscillation at 5 sec. 
Many c racks were found a lO,ng the firs t- and' the s econd-l eve 1 
beams, but no cracks in the third-level beam. More cracks were observed 
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in the beam-column connection at the first and the second levels. New 
cracks were observed at the top of the third-story columns. 
(d) Run 01-4 
Maximum base acceleration was measured to be 0.84 g, the spectrum 
intensity 15.7 in. Measured waveforms were shown in Fig. 5.23, and crack 
pattern in Fig. 5.26 (d), and response spectra in Fig. 5.27 (d). 
The base overturning moment waveform was very smooth and dominated 
by the first-mode component. The second-mode component was not dominant in 
the base-shear waveform as it was in Run 01-3. On the other hand, higher 
mode compo,nents were more perceptible in the acceleration waveforms than 
in Run 01-3. Frequency in the displacement waveforms changed from one 
cycle to another in the first 4.0 sec. The first-mode frequency was 
approximat~ly 2.9 Hz at 8 sec and 2.4 Hz in free vibration. The second-
mode frequency was 21 Hz at 3 and 8 sec. 
OiaQonal cracks were observed in the first-story columns, and at 
the top of the second-story columns. New cracks were found in the third-
level beam. The region of flexural cracks spread from the joint cores in 
the first- and the second-story columns. The damage in first-level joint 
cores increased. The bottom of the first-story columns were damaged badly 
in flexure. 
(e) Run 01-5 
Maximum base acceleration was 1.42 g, and the spectrum intensity 
was 21.3 in. The El Centro (1940) NS component was used as input. Measured 
waveforms are shown in Fig. 5.24, crack pattern in Fig. 5.26 (e), and res-
ponse spectra in Fig. 5.27 (e). 
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Large displacements were observed in the first" 3 sec from the 
beginning of the base motion. The base-shear waveform was governed by the 
first- and the second-mode compcnents, while the base-overturning moment 
waveform was dominated by the first-mode component. The second-mode com-
ponent became perceptible in the third-level acceleration waveform. It 
should be noted that the smooth base-moment waveform was calculated from 
the Ilj agged" acce 1 era t i on waveforms at the th ree 1 eve 1 s . 
The displacement signals oscillated in the same phase, but not 
necessarily in a well defined frequency. The center of oscillation shifted 
in both directions with time. 
The first-mode frequency for free vibration was 2.0 Hz, and the 
damping factor was 7 percent of critical. The third-mode frequency was 
18 Hz in free vibration. 
New cracks were observed in the joint cores at the first and the 
second levels, and also at the bottom of first-story columns. Diagonal 
cracks were found at the top of the second-story columns. Existing cracks 
around the joint cores opened wider. 
(f) Run 01-6 
The maximum base acceleration was 3.16 g, and the spectrum inten-
sity was 30.4 in. The Taft (1952) N21E component was used as input. The 
measured "waveforms are shown in Fig. 5.25, crack pattern in Fig. 5.26 (f), 
and response spectra in Fig. 5.27 (f). 
The specimen responded in a different fashion to the base motion: 
the large oscillations occurred over the duration of the base motion. Higher 
mode components were more perceptible in the acceleration waveforms than in 
\ j. 
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the previous runs. Displacement s,ignals oscillated nearly in the same 
phase at the three levels, but it was difficult to find a constant periodi-
city in the signals. 
The frequency and the damping factor associated with the first 
mode were measured in a free vibration part to be 1.7 Hz and 6 percent of 
cr it i ca 1 . 
Some concrete spalled off from a first-level joint core. Crush-
ing of concrete was seen at the bottom of the first-story columns. Crush~ 
ln9 occurred only at the outer faces of the columns and was visible for a 
vertical distance of 0.5 in. Further damage ~as concentrated in the joint 
cores at the first and second levels. 
(g) Maximum Response 
Maximum accelerations in east and west directions are compared 
for each level in Fig. 5.15. Maxima in both directions indicate a simi lar 
trend for each level. The difference in magnitude was within 20 percent 
except for the third-level maximum acceleration in Run Dl-6, in which the 
difference reached 50 percent due to a sharp spike in the waveform (Fig. 
5.25 (f)). 
Absolute maximum accelerations are compared with spectrum inten-
sity (51 20 ) in Fig. 5.16. Up to a spectrum intensity of 21 in., a maximum 
acceleration in a run increased with a story height. 
Total displacement ranges at three levels are compared in 
Fig. 5.17. These ranges increased almost linearly with spectrum intensity 
with a ratio of 1.0 : 1.'9 : 2.3 (first level: second level: third level), 
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which indicates that large displacements took place in the first and the 
second stories. 
Measured maximum base shears are compared in Fig. 5.18 with cal-
culated base shears from measured maximum accelerations at the three levels. 
The calculated base shear was always larger than the measured base shear. 
Their difference in magnitude became wide after Ilyielding ll at a spectrum 
intensity of 7 in. The discrepancy resulted from the fact that the maximum 
accelerations at the three levels did not occur simultaneously. 
Measured maximum base-overturning moments are compared in Fig. 5.19 
with calculated base-overturning moments from measured maximum accelerations 
at the three levels. A trend is observed similar to the one for the base 
shear. 
5.5 Tes t 02 
El Centro (1940) NS component was used as input in the first two 
runs, and Taft (1952) N21E component in the last two runs. The specimen 
had the same design values as the one in Test 01. The only variable was 
the intensity of the base motion in the first run. Observed behavior of 
the specimen is summarized in Table 5.2. 
(a) Run 02-1 
The maximum base acceleration was measured to be 0.86 g. The 
spectrum intensity (51 20 ) was 15.8 in. The base motion was similar in 
intensity and waveform to that for Run 01-4. The measured waveforms are 
shown in Fig. 5.33, crack pattern in Fig. 5.37 (b), and response spectra 
of the base motion in Fig. 5.38 (a). 
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The response waveforms in this run were comparable to those in 
Run 01-4. However, the higher mode components were more discernible in the 
waveforms of Run 01-4. The specimen in Test 01 had been subjected to 
three previous runs of lower intensity before Run 01-4. The strong correla-
tion between the acceleration and displacement responses in Runs D1~4 and 
D2-1, except in the fi rst one sec period when Specimen 02 was bei ng "broken ll , 
suggests that the overall response of a partially damaged specimen to a 
base motion more intense than the ones it has experienced earlier would be 
reasonably simi 1ar to the response of a new specimen to the same base motion. 
Except for the initial period, each new test run with a higher intensity 
can be treated as an independent test. 
Ouri ng Run 02-1, large osci l1ations occurred at l, 2, and 5 sec 
from the beginning of the base motion. The base-shear waveform was governed 
by the first-mode component modified by a fraction of the second-mode com-
ponent. The base-overturning moment signal oscillated primarily in the 
first mode. The acceleration waveforms at lower levels contained more of 
higher mode components. The second-mode component prevailed in the first-
level acceleration signal. The displacement waveforms were smooth and 
virtually in phase. The first-level displacement waveform contained a 
fraction of the second-mode component. The center of oscillation in the 
displacement waveforms at the three levels shifted after one sec. The 
displacement waveforms after two sec from the beginning of the base motion 
were nearly identical to those in Run 01-4. 
The measured frequencies, obtained by measuring a period of 
three to ten cycles of the response signal, are given in the following table. 
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Time from the Beginning Measured Frequency 
of Bas e Mot'j on . First Mode Second Mode Third Mode 
Sec Hz Hz Hz 
0.5 3.7 
1.0 13 
2.0 3. 1 24 
3.0 3.3 21 
4.0 12 
5.0 3.3 11 21 
7.5 3.0 22 
10 3.0 12 
12 11 
The frequency or stiffness reduction was less in this run than 
in Run 01-4. 
Cracks formed in the first- and the second-level beams and 
columns. Wide cracks were observed at the ends of the first- and the 
second-level beams, and at the base of the first-story columns. Fine 
cracks were observed in the joint cores at the three levels. Diagonal 
cracks were found in the first-story columns, and the first- and the second-
level joint coreS. Some cracks in the columns developed from the existing 
shrinkage cracks. 
(b) Run 02-2 
The maximum base acceleration was measured to be 1.10 g, and the 
spectrum intensity (51 20 ) was 19.3 in., which represented approximately an 
increase of 25 percent with respect to Run 02-1. Measured waveforms are 
~'-':'\ 
r:",:; .. 
-~ ...... ., 
; . i 
, , 
:j 
-1 
-. 1 
- .. ~ 
77 
shown in Fig. 5.34, crack pattern in Fig. 5.37 (c), and response spectra 
in Fig. 5.38 (b). 
The response waveforms in this run were also very similar to the 
ones in Run 01-4. Large osci1 lations occurred within the first 3 sec. 
Osci llations at 5 sec were somewhat smaller than the ones in Run D2-1. The 
acceleration waveforms at the three levels contained more of the second-
mode components than they did in Run 02-1. The third-mode component was 
Seen in the second-level acceleration waveform. The center of oscillation 
in the displacement waveforms shifted in both directions in the first 3 sec 
and was stabilized after that. 
The measured frequencies are listed below. 
Time from the Beginning Measured Frequency 
of Base Motion Fi rs t Mode Second Mode Third Mode 
Sec Hz Hz Hz 
3.0 12 
2 3.0 13 
3 1 1 20 
4 10 20 
5 3.3 19 
6 10 19 
8 2.7 20 
9 2.8 10 
12 2.3 1 1 20 
Wide cracks were observed in the first level-joint cores. Fine 
diagonal cracks were seen near the base of the first-story columns. Wide 
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cracks were also observed at the base of the first-story columns and at 
the ends of the first- and the second-level beams. 
(c) Run 02- 3 
Taft (1952) N21E component was used in this and the following run. 
The maximum base acceleration was 1.21 g. The spectrum intensity (SI 20 ) was 
20.1 in. The intensity of the base motion was nearly the same as in Run 02-2. 
Measured response waveforms are shown in Fig. 5.35, crack pattern in 
Fig. 5.37 (d), and response spectra in Fig. 5.38 (c). 
The response waveforms were quite different from the ones 
recorded in Run D2-2. Large amplitude oscillations did not extend to more 
than one cycle, and were separated by medium amplitude oscillations. 
The second-mode oscillation was perceptible in acceleration wave-
forms at all three levels, especially at the first and the second levels. 
The displacement waveforms drifted east after oscillations at 2, 3, and 
4 sec. 
The measured frequencies are listed below. 
Time from the Beginning 
of Bas e Mot i on 
Sec 
2 
4.5 
7 
8 
10 
12 
End 
First Mode 
Hz 
2.7 
2.6 
2.7 
2.3 
2. 1 
Measured Frequency 
Second Mode 
Hz 
10 
1 1 
9 
10 
9 
Third Mode 
Hz 
20 
20 
16 
18 
20 
20 
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The specimen was damaged so badly that it was difficult to determine the 
osci llating frequency. 
Cracks were found in all three level beams. Not many new cracks 
were found in the first-story columns, but the existing cracks opened 
wider. Wide flexural cracks were observed at the base and approximately 
one inch above the base of the first-story columns. Crossing diagonal 
cracks (X-patterns) were seen at the lower and upper parts of the first-
story columns. Wide cracks were also seen at the ends of the first-level 
beam. 
(d) Run 02-4 
The maximum base acceleration was measured to be 3.43 g. The 
spectrum intensity (51 20 ) was 28.4 in. The intensity of base motion was 
increased ~y approximately 40 percent with respect to Run 02-3. The 
measured response waveforms are shown in Fig. 5.36, crack pattern in Fig. 
5.37 (e), and .response spectra in Fig. 5.38 (d). The damping factor 
measured in a free-vibration test before this run was 7 percent of critical. 
The general waveforms were similar to the ones in Run 01-6. The 
second-mode component was more prevalent in the acceleration waveforms. 
The displacement waveforms indicate that the specimen responded as if it 
had very 1 ittle lateral resistance. 
The existing cracks, especially at the ends of members, opened 
wider. Some concrete spalled off from a first-level joint core. Wide 
diagonal cracks were seen in the first-level joint cores. The third-level 
joint cores looked sound, although flexural cracks at the top of the third-
story columns were wide. Anchorage cracks along the main reinforcement of 
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columns were Seen in the base girder. Crushi~g of concrete was observed ----, 
at the outer faces of the base of the first-story columns. New cracks 
were found in the second- and the third-level beams. 
(e) Maximum Response 
Maximum acceleration in east and west directions are compared for 
each level in Fig~ 5.28. The maxima are of a similar amplitude for the 
four test runs, which indicates that the specimen was in the "yield stage ll 
from Run 02-1. Similar values are observed in both directions. At the 
second and the third levels, the maximum values occurred in the west for 
the simulated El Centro base motions and in the east for the simulated 
Taft base motions. Absolute maximum accelerations at the three levels are 
compared in Fig. 5.29. The third-level acceleration was always the largest 
of the three, however, the'second-level acceleration was mostly smaller 
than the first-level acceleration. 
Total displacement ranges at three ,levels are compared in Fig. 5.30. 
From the observation of displacement waveforms in this test (see (g), (h), 
and (i) of Fig. 5.33 through 5.36), the maxima in the east and the west 
occurred simultaneously at all three levels. Displacement ranges increased 
more or less linearly with spectrum intensity with a ratio of 1.0 : 1.9 : 2.7 
(f i rs t 1 eve 1 : second 1 eve 1 : th i rd 1 eve 1) . 
Measured maximum base shears are compared in Fig. 5.31 with cal-
culated base shears from measured maximum accelerations at the three levels. '! 
The measured maximum base shear did not increase with spectrum intensity, -, 
I 
I 
while the calculated value increased and became almost twice as large as 
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the measured value at a spectrum intensity of 28.4 in. The measured extreme 
values in the east and the west'are comparable for each run. 
Measured maximum base overturni.ng moments are compared in Fig. 5.32 
with calculated base overturning moments from measured maximum acceleration 
at the three levels. The calculated value increased at a faster rate than 
the measured value, indicating that the maximum accelerations at the three 
levels did not occur at the same time. 
5.6 Test D3 
The frames of this specimen were designed to have weaker beam 
and column sections than the ones in the previous two tests, by 5 percent 
in a column yield moment and by 8.5 percent in a beam yield moment. Weight 
at each story and overall dimensions were kept the same. 
Simi lar base motions were used in this test as in Test D2 : El 
Centro (1940) NS component for the first two runs and Taft (1952) N21E 
component for the last two runs. 
Maximum measured responses are summarized in Table 5.3. Free 
vibration tests were carried out before the first earthquake test run by 
applying a small shock to the earthquake simulator platform. The frequency 
associated with- the first mode oscillation was measured to be 5.3 Hz, 
5.2 Hz, and 5.1 Hz for the three successive free vibration tests. The 
frequency was observed to become smaller after each test. 
Shrink.age cracks were seen in the base girder along the longitu-
dinal reinforcement of columns (Fig. 5.48 (a)~ Cracks were seen in the 
columns and at the end of the beams. 
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(a) Run D3-1 
The maximum base acceleration was measured to be 0.61. g. The 
spectrum intensity (SI 20 ) at a 20 percent of critical dampi.ng was calculated 
to be 12.3 in. The measured response waveforms are shown in Fig. 5.44, 
crack pattern in Fig. 5.48 (b), and response spectra in Fig. 5.49 (a). 
The first- and the second-level displacement signals were not 
recorded in this run due to failure in the amplifiers. Overall response 
of the specimen was very similar to the one in Run D2-1. Large oscillations 
were observed at 1, 2, and 5 sec from the beginning of the base motion. 
The large osci llation tended to diminish quickly. The base-shear waveform 
was dominated by the first-mode component with a fraction of the second-
mode component. The base-overturning moment waveform was smooth and 
governed by the first-mode component. 
Peaks of the acceleration waveforms did not occur simultaneously 
at the three levels because of the existence·of the second- and the third-
mode components. The second-mode component was observed prevalent in the 
first-level acceleration waveform. A fraction of the third mode component 
could be seen in the second-level acceleration waveform. The third-level 
displacement waveform was smooth and dominated by the first-mode component. 
The frequency associated with the first-mode oscillation was 
measured ·to be 3.1 Hz at the beginning and 2.6 Hz at the end of the run. 
The second-mode frequency was 13 Hz at the beginning and 10 Hz at the end. 
The third-mode frequency was 20 Hz at 4.0 sec. 
After this test run, a free vibration test was carried out under 
a small base shock. The frequencies for the first and the second modes 
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were 2.7 and 10.4 Hz, respectively, which were fairly consistent with the 
ones measured.during the dynamic test. 
Cracks were well spread along the columns from the first to 
the third story. Crossed diagonal cracks were seen in the joint cores at 
all levels. Diagonal cracks were found in the fi rst- and the second-story 
columns. Damage in the beams was less than that in the columns. 
(b) Run 03-2 
The maximum base acceleration was measured to be 1.10 g. The 
spectrum intensity (SI 20 ) was 18.2 in. The measured response waveforms 
are shown in Fig. 5.45, crack pattern in Fig. 5.48 (c), and response 
spectra in Fig. 5.49 (b). 
La.rge oscillations were observed within the first 3 sec. The 
overall waveforms were similar to the ones recorded in Run 02-2. The base-
shear and overturning-moment waveforms contained appreciable amounts of 
higher mode c~mponents. Higher mode components were seen more often in 
the acceleration waveforms at all the levels than in Run 03-1. The second-
mode component was prevalent in the first~leve1 acceleration waveform. 
The center of oscillation in the displacement waveforms drifted 
after large osci1l~tions within the first 3 sec from the beginning of the 
base motion. The displacement signals were generally in phase. 
The first-mode frequency was 2.7 Hz at the beginning and 2.2 Hz 
at the end of the run. The second-mode frequency was 12 Hz at the begin-
ning and 10 Hz at the end. The third-mode frequency was 20 Hz. Free 
vibration tests after this run indicated frequencies- of 2.2 Hz for the 
first mode and 9.8 Hz for the second mode. 
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New cracks were found in the beams at all levels. Cracks in the 
columns were observed at smaller spacing. More cracks formed in the joint 
cores at all levels. Tensile cracks perpendicular to the main reinforcement 
of the columns and anchorage cracks along the main reinforcement of the 
columns were observed in the base girder. Diagonal cracks were seen in 
the first- and the second-level joint cores. Wide cracks were seen at the 
ends of beams at the first and the second levels. The bottoms of the first-
and the second-story columns were severely damaged. 
(c) Run 03-3 
Taft (1952) N21E component was used in this and the following 
run. The maximum base acceleration was 0.93 g. The spectrum intensity 
was 19.0 in. The intensity of base motion was approximately the same as 
in the preceding run. Measured response waveforms are shown in Fig. 5.46, 
crack pattern in Fig. 5.48 (d), and response spectra in Fig. 5.49 (c). 
Large oscillations were observed over the duration of the base 
motion. Each large oscillation was followed by a few cycles of relatively 
small osci llations. Overall waveforms were similar to the ones recorded 
in Run 02-3. 
The second-mode component was more-perceptible in the accelera-
tion waveforms at all three levels. The center of oscillation shifted to 
east after a large oscillation at 2 sec. 
It was difficult to determine a frequency of oscillation during 
the dynamic test. Free vibration tests indicated frequencies of 1.7 Hz -~···l 
for the first mode, 8.0 Hz for the second mode, and 16 Hz for the third 
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mode. A damping factor measured in free vibration after the imposed base 
motion had ceased was 4 percent of critical. 
More cracks formed in the joint cores at all levels and at the 
lower part of the first-story columns. Few new cracks were found in the 
rest of the specimen. Shell concrete spalled off from a joint core at 
the first level. A diagonal crack was seen at the lower part of second-
s to ry co 1 umn . 
(d) Run 03-4 
The maximum base acceleration was 2.14 g, and the spectrum inten-
sity was 25.3 in. The maximum base acceleration was double of that in the 
last run, but the spectrum intensity indicated that the effectiveness of 
the base motion increased only by 33 percent. The measured response wave-
forms are shown in Fig. 5.47, crack pattern in Fig. 5.48 (e), and response 
spectra in Fig. 5.49 (d). 
The·specimen seemed to be damaged so badly that the periodicity 
of oscillation changed rapidly. Overall waveforms were similar to the ones 
recorded in Run 01-6 and Run 02-4. The center of osci llation in the dis-
placement waveforms seemed to shift with the base displacement. 
(e) Maximum Response 
Measured maximum accelerations in both directions are compared 
for each level in Fig. 5.39. At the second and the third levels the maxima 
occurred in the west for the simulated El Centro base motions, while they 
occurred in the east for the simulated Taft base motions. The same was 
observed in Test 02. The maxima did not occur simultaneously at the three 
levels. 
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The measured maximum accelerations at the three levels are com-
pared in Fig. 5.40. The third-level -acceleration was always the largest 
as was observed in Tests 01 and 02. The first-level acceleration was 
larger than the second-level acceleration in Runs 03-3 and 03-4~ 
Total displacement ranges at the three levels are compared in 
Fig. 5.41. These ranges increased almost linearly with the spectrum inten-
sity with a ratio of 1.0: 1.7: 2.1 (first level: second level: third 
level). This ratio is similar to the one found in Test 01 (1.0: 1.9: 2.3), 
indicating that a large displacement took place in the first and the second 
stories. From the observation of displacement waveforms, these maxima 
occurred almost at the same moment at all three levels in both east and 
west directions. 
Measured maximum base shears are compared in Fig. 5.42 with cal-
culated base shears from the measured maximum accelerations at the three 
levels. The measured maximum values stayed ih a range from 2.5 to 3.0 kip, 
while the calculated val~es increased with the spectrum intensity. 
Measured maximum base-overturning moments are compared in Fig. 
5.43 with calculated base-overturning moments from the measured maximum 
accelerations at the three levels. The measured extreme values differed 
by approximately 20 percent in the two directions as was observed in Test 
02. The difference between the measured and the calculated overturning 
moments was not so wide as in the comparison of base shear. 
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CHAPTER 6 
DISCUSSION OF THE TEST RESULTS IN RELATION 
TO LINEAR-RESPONSE ANALYSIS 
6. 1 Introductory Rema rks 
The studies in this chapter were made to evaluate the test 
results from the viewpoint of methods routinely available to design 
engineers. 
The structural effects of the linearly elastic response in the' 
three modes were summed using four different techniques. Three of these 
were variations of spectral modal analysis: (a) maxima from first mode 
only, (b) absolute sum of maxima, and (c) square root of the sum of the 
squares of maxima. The fourth was maxima obtained from a step-by-step 
response history analysis of the entire frame to the ground motion. 
All analyses were made for two different assumptions about mem-
ber stiffness·based on uncracked transformed and fully cracked sections. 
The test frames were idealized as a plane frame as described in Chapter 4. 
Modal characteristics of the test frames were determined by solving an 
eigen value problem on a digital-computer. The natural frequencies and 
mode shape vectors of oscillation are compared for idealized frames in 
Table 6. l. Effects of rigid zones in beam-column connections (referred 
to as rigid joints)* and rotational springs at the ends of members 
,', A member without a "rigid joint" has the same stiffness from center to 
center of joints. A member with a rigid joint has infinite flexural 
stiffness from center to face of joint. 
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(referred to as rotational springs)*'were studied for the test frames 
based on uncracked transformed sections. As it would be anticipated, the 
highest frequencies for this stiffness assumption were calculated for a 
frame with rigid joints and without rotational springs. The introduction 
of springs reduced the natural frequencies for all three modes by approxi-
mately 20 percent. Without rigid joints and rotational springs as commonly 
assumed in design, the natural frequencies deviated from the ratio 1 : 3 
5 (first mode: second mode: third mode), which is found for a uniform 
shear-beam structure, due to the existence of flexible beams. 
The mode shape vectors were not so sensitive to the structural 
stiffness as the natural frequencies. The mode shape vectors were already 
multiplied by the participation factors. Therefore, the values represent 
displacements at each level if the spectral displacement response is 
taken as unity, or acceleration at each level. if the spectral acceleration 
response is taken as unity (Fig. 6.1). 
Lateral shears and overturning moments were calculated for an 
arbitrary 1.0 g spectral acceleration response from ~he mode shape vectors, 
story weight, and story height. Calculated lateral shears and overturning 
moments are compared for each mode in Fig. 6.2. 
It is observed in Fig. 6.1 that the first mode component will 
dominate at the third level in acceleration and displacement responses if 
the spectral responses for the three modes are the same. The effect of 
* See Section 3.6. 
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higher mode components is larger at the first- and the second-level res-
ponses than that at the third-level response. 
j" : It is observed in Fig. 6.2 that the first-mode component has a 
i 
, 
dominant effect on story-shear and overturning-moment distributions if 
acceleration spectral values are comparable for all three modes. The 
second-mode component had some influence on the first story shear, and 
the third-level overturning moment. The third-mode component can be 
ignored in calculating story shear and overturning moment unless its 
acceleration spectral response is much greater than those of the other 
two. 
The chapter also contains a static limit analysis of the test 
frames to provide a basis for evaluating the dynamic base shears and 
overturning moments. 
6.2 Analysis of Test Frames Based on Uncracked Transformed Sections 
(a) Spectral Modal Analysis 
Displacements and accelerations were obtained from the elastic 
response spectra for each test run for the calculated frequencies of a 
test frame. The values were interpolated linearly from two adjacent 
calculated points on linear coordinates. A critical damping factor of 
5 percent was used for all three modes. Displacement and acceleration 
responses are listed in Table 6.2 for all three modes. 
The spectral displacement for the first mode is about ten times 
greater than that for the third mode. On the other hand, the spectral 
accelerations are comparable in most cases for all three modes. 
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If the combined effect of the spectral displacements and the 
mode shape is considered, the calculated displacement waveforms at all 
three levels are governed by the first-mode component. On the other hand, 
the calculated first-level acceleration signal would contain approximately 
equal contributions from the three mode components, but the first-mode 
component would become dominant for the upper levels. The lateral shear 
and overturning moment waveforms would be governed by the first-mode 
component. 
The maximum response of a 1 inearly elastic system subjected to 
a ground motion can be estimated by combining the modal characteristics 
of the system with the use of the spectral response of the ground motion. 
The Ilupper bound
" 
of the response can be obtained by adding the absolute 
maximum modal components based on the assumption that the maxima for the 
modal components occur at the same moment. It was proposed (Rosenblueth 
1952) that the "probable" maximum response is given approximately by the 
square root of the sum of the squares (root mean square) of the maximum 
modal components. From the preceding discussion the "first mode ll compo-
nent is expected to give good approximations of the displacement and base 
moment. Those three values are listed for acceleration response in Table 
6.4, for displacement response in Table 6.5, for base shear in Table 6.6, 
and for overturning moment response in Table 6.7. 
A large difference among these three values is seen in accelera-
tion response, which indicates that the effect of higher mode components 
is large in the acceleration response, especially at the lower levels. 
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The absolute sum of first-level accelerations is about three times as 
large as the first-mode acceleration. The difference in magnitudes of 
values obtained from these three methods is small for the third-level 
acceleration, which indicates that the first-mode component has a domi-
nant influence on the third-level acceleration waveform. 
The difference among the response values from the three spectral 
analysis methods was practically nothing for displacements at the three 
levels and in the base-overturning moment, which indicates that the first-
mode component dominates in the displacement and the base-overturning-
moment response. 
I n the case of base shear response, the IIfi rst-mode
" 
and the 
lip robab 1 ell va 1 ues were a 1 mos t the same, wh i 1 e the lluppe r bound" va 1 ue 
was a little larger than the two, which indicates that there exist higher 
mode components in the response, but the response is dominated by the 
first-mode component. 
"Probable" maximum accelerations are plotted against the spec-
trum intensity of base motion in Fig. 6.3. The maximum accelerations 
at all three levels increased almost linearly with the spectrum intensity 
for the simulated El Centro base motions, which is consistent with the 
similarity in the shape of response spectra at different intensities of 
an earthquake motion. For the simulated Taft base motion, the first-level 
"probablell maximum acceleration was not proportional to the spectrum inten-
sity of the base motion" while the maximum accelerat.ions at the other two 
levels were nearly proportional to the spectrum intensity. For the same 
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spectrum intensity of base motion, simulated Taft base motions gave 
larger accelerations at all three levels for this particular set of 
modal frequencies. 
"Probable" maximum displacements are plotted against the spec-
trum intensity of base motion in Fig. 6.4. The maxima increased almost 
linearly with the spectrum intensity for both simulated earthquake 
motions at all three levels. Simulated Taft base motions gave larger 
accelerations at all three levels for the same spectrum intensity than 
simulated EJ Centro base motions. 
(b) Response-History Analysis 
Linearly elastic response of the test ·frames to a base motion 
was calculated based on uncracked transformed sections of the members by 
a step-by-step numerical method on a digital computer. Damping factors 
for the first and the second modes were assu~ed to be 5 percent of criti-
cal in order to be consistent with the modal analysis. The damping fac-
tor for the third mode was determined by Eq. 4.27, in which constants Cl 
and C2 were determined by the first- and the second-mode damping factors 
and the corresponding circular frequencies. 
In calculating the stiffness of the structure, rigid zones in 
a joint core and rotational springs at the ends of a member were not 
included. Base acceleration records used were those measured on the base 
girder of the south frame. The interval of the records was 0.002 sec. 
The response calculation was made at the same interval. Calculated maxi-
mum values are 1 isted in Table 6.4 through 6.7. The maximum acceleration 
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and displacement are compared with the spectrum intensity (SI 20 ) of base 
motions in Fig. 6.5 and 6.6. Maximum accelerations to simulated EI Centro 
base motions (Fig. 6.5) increased nearly proportionally with the spectrum 
intensity at all three levels, but those to simulated Taft base mot'ions 
did not at the first and the second levels. Maximum displacements at each 
level increased almost proportionally with the spectrum intensity with 
different proportionality constants for the two types of base motion. 
The calculated maxima from the direct solution are compared 
with those from the modal analysis methods in Table 6.4 through 6.7. 
Maximum displacements calculated from the spectral modal analysis methods 
agreed favorably with those from the direct solution at all three levels 
for simulated EI Centro base motions. However, maximum displacement from 
the direct solution sometimes exceeded the "upper bound" values from the 
spectral analysis by as much as 20 percent. This resulted from the fact 
that the spectral value at a given frequency was taken by linear interpo-
lation from two adjacent calculated points. If the shape of a response 
spectrum is sensitive to a frequency component, the linear interpolation 
sometimes gives an inaccurate result. 
The "probable ll maximum accelerations (Table 6.4) from the modal 
analyiis gave a good estimate of within 20 percent to those from the 
direct solutions for simulated El Centro base motions. However, in a 
case of a simulated Taft base motion, the difference reached to 40 per-
cent (Run 01-6), which ~gain indicates that the line~r interpolation of 
spectral values will sometimes lead to very crude results. 
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The maximum base shears and overturning moments (Table 6.6 and 
6.7) from the direct solution were predicted very well by the first-mode 
response in the case of simulated El Centro base motions. For simulated 
Taft base motions, the direct solution gave larger values than the abso-
lute sum of modal maxima in Tests 01 and 02. 
6.3 Analysis of Test Frames Based on Fully Cracked Sections 
(a) Spectral Modal Analysis 
Stiffness characteristics of the test frames were calculated on 
the basis of fully cracked sections and the stress-strain curve for con-
crete described in Chapter 3. Flexural stiffness of a member was taken 
as the slope of aline connecting the origin and the yield point in a 
moment-curvature diagram. Rigid zones in beam-column connections and 
rotational springs at the ends of members wer~ not considered in order to 
limit the analyses to the " rou tine" domain. 
The calculated natural frequencies and mode shape vectors are 
listed in Table 6.1. As would be expected, the mode shape vectors for 
the three modes are almost identical to those calculated based on uncracked 
transformed sections. The natural frequencies are approximately 30 per-
cent smaller than the corresponding frequencies based on uncracked trans-
formed sections without rigid zones at beam-column connections and rota-
tional springs at the ends of members. 
Although the mode shape vectors are almost identical to the 
ones based on uncracked transformed sections, the frame is expected to 
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respond to a base motion in a different manner from the one based on 
uncracked sections because of the difference in modal frequencies. 
Displacements and accelerations were obtained from the elastic 
response spectra of the measured base motion at the calculated frequencies 
of the system. The spectral values were found by linear interpolation 
from two adjacent calculated points on linear coordinates. A critical 
damping factor of 5 percent was used for all three modes. The response 
values are listed in Table 6.3. The first-mode displacement was in most 
cases ten times as large as the second-mode displacement'; and approximately 
thirty to 'fifty times as large as the third-mode displacement. The first-
mode acceleration was the largest for the simulated El Centro base motions. 
The accelerations were of similar magnitudes for the three modes. 
Maxima calculated from the first-mode component alone, from sum 
of the absolute maxima of the three modal components, and from root mean 
square of the'maxima of the three modal components are li~ted in Table 
6.4 through 6.7. 
The "probablell maximum acceleration at the third level (Table 
6.4) was almost the same as the first-mode maximum acceleration. The 
Ilprobable" maximum accelerations deviated from the first-mode maximum 
acceleration at the lower levels, indicating that the higher-mode compo-
nents were also active. The Ilupper bound" accelerations were more than 
20 percent larger than the first-mode maximum accelerations at the third 
level, and they became two to three times as large as the first-mode 
maxima at the first level. 
96 
The maximum displacements of the first mode component, the 
'Iupper bound," and the "probable" are practically the same, which indicates 
that displacement response is controlled by the first-mode component, and 
that the contributions to the displacement response from higher mode com-
ponents are very small for the system considered. 
The "probable" maximum base shears were almost the same as the 
maximum fi rst-mode base shears, whi le the "upper bound" base shears were 
15 to 30 percent larger than the maximum first-mode accelerations. 
The maximum base-overturning moments of the three spectral ana-
lysis methods were practically the same, indicating that the first-mode 
component dominates in the base-overturning moment waveforms. 
Calculated maximum accelerations are compared with the spectra1 
intensity (SI 20 ) for the three levels in Fig. 6.7. Those based on simu-
lated El Centro base motions increased almost linearly with the spectral 
intensity at all three levels, while those based on simulated Taft base 
motions showed the same tendency but with'a larger scatter. 
Calculated maximum displacements are compared with the spectral 
intensity for the three levels in Fig. 6.8. The displacements increased 
almost linearly with spectral intensity except for some deviating data 
from Test D3. Specimen D3 was more flexible than the other two. Its 
natural frequency was approximately 90 percent of that of Test Frames 
01 and 02. 
(b) Response-History Analysis 
Linearly elastic response of the idealized test frames was 
-~ 
1 
; 
----I 
i 
.j 
. ..... \ 
! 
.i 
71 
. ... j 
J 
L 
r o , 
l:-,.;.. 
L 
J'-
i 
I 
I 
L~._ 
~- . 
97 
calculated based on fully crakced sections of members by a step-by-step 
numerical method. The idealized frames were the same as described in (a) 
of this section. Damping factors of 5 percent of critical were used for 
the firs t and the second modes. The th i rd mode damp i ng factor was .deter-
mined by Eq. 4.27. 
Calculated maximum values are listed in Table 6.4 through 6.7. 
Calculated maximum accelerations at each level are compared with the 
spectral intensity (51 20 ) at 20 percent of critical damping in Fig. 6.9. 
Calculated maximum accelerations at all three levels increased almost 
linearly with the spectral intensity for simulated El Centro base motions. 
For the simulated Taft base motions, maximum accelerations showed a simi-
lar trend but with more scatter. 
Maximum displacements at all three levels (Fig. 6.10) increased 
almost linearly with the spectrum intensity for the two types of base 
motion. Data points which deviated from a straight relationship were cal-
culated for Specimen D3. 
Maxima from the direct solution can be compared with those from 
modal analysis methods in Table 6.4 through 6.7. The "probable" maximum 
acceleration (T~ble 6.4) based on the modal analysis agreed fa~orably 
with maximum accelerations from the direct solution. The "upper bound!! 
acceleration overestimated maximum accelerations at the first and the 
second levels, while the first-mode accelerations underestimated them at 
the same levels. 
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Maximum displacements (Table 6.5) at all three levels from the 
three modal analysis methods agreed favorably with those from the response-
history analysis. Maximum base shears (Table 6.6) and base moments (Table 
6.7) from the first-mode component agreed favorably with those from the 
response-history analysis as would be expected from the mode shape (Fig. 
6.2) . 
Maximum response based on fully cracked sections can be compared 
with that based on uncracked sections in Table 6.4 through 6.7. Maximum 
accelerations (Table 6.4) based on fully cracked sections were slightly 
larger than those based on uncracked sections at all three levels for 
simulated El Centro base motions, while their relation is opposite for 
simulated Taft base motions. Maximum displacements (Table 6.5) based on 
cracked sections were larger than those based on uncracked sections at all 
three leve1s for the two types of base motion. Maximum base shears 
(Table 6.6) and overturning moments (Table 6.7) based on cracked sections 
were larger than those based on uncracked"sections for simulated El Centro 
base motions. The relation was reversed for simulated Taft base motions. 
6.4 Elasto-Plastic Collapse-Mechanism Analysis of Test Frames 
(a) Elasto-Plastic Collapse Mechanism 
The strength of a single test frame was estimated by assuming 
elasto-plastic moment-curvature relationship for the structural members. 
Flexural rigidity of a prismatic member was determined as a slope of a 
line which connects the origin and the yield point in a moment-curvature 
" "' 
99 
diagram. This stiffness estimate may be reasonable for the idealized 
moment-curvature relationship in Section 3.4, since the cracking moment 
was less than 20 percent of the yielding moment (Fig. 3.10). The 
uncracked part of a member becomes shorter as the member is stressed 
severely. The contribution of the uncracked part to the member deforma-
tion is small because bending moment and the corresponding curvature are 
small in the uncracked region. 
When the bending moment reached the yielding moment of a section, 
the section was assumed to carry no more moment, forming a plastic hinge. 
Yield moments were assumed to be constant and independent of the axial 
load due to the overturningeff~ct. In·general, a reinforced concrete 
section is capable of carrying a moment more than the one associated with 
yielding of the tens'ile reinforcement due to the strain-hardening of steel. 
However, the strength over the yield level is not considered in a struc-
tural design. 
The process of a collapse-mechanism formation depends on the 
force distribution over the height of the structure. Two different lateral 
force distributions at the three beam levels were considered: uniform and 
reversed triangular distributions. If the first mode component is dominant 
in the acceleration waveforms at the three levels, the (reversed) triangu-
lar distribution would be a good approximation of dynamic lateral loads in 
a static analysis. On the other hand, if the effect of higher mode com-
ponents is considered to be dominant, lateral force~ at lower levels be-
come comparable to the third-level lateral force, hence a uniform 
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distribution of lateral loads would be a good approximation. 
Three basic admissible mechanism modes are compared in Fig. 6.]1 
for a single test frame. Joint cores were assumed to have the same flex-
ural rigidity as connecting members in calculating mechanism loads. Base 
shear at the formation of the collapse mechanism due to a uniform distri-
bution was higher than that due to a triangular distribution. The collapse 
mechanism consists of plastic hinges at the base of the first-story columns, 
at the top of the second-story columns, and at the ends of the first-level 
beam. The location of plastic hinges in the mechanism mode is consistent 
with the observed location of wide cracks in the test frames. The test 
frames had base shear coefficients of 0.65 for Specimens Dl and D2, and 
0.60 for Specimen D3 under a uniform lateral load distribution. 
(b) Formation of Collapse Mechanism 
The formation of the collapse mech~nism of a single test frame 
was followed by applying at the three levels a set of lateral forces of 
either the same magnitude at the three levels or the magnitudes propor-
tional to the height of each level from the base. The amplitude of lateral 
forces was constantly increased. Whenever a bending moment exceeded the 
yield moment at a member end, a plastic hinge was assigned to the point. 
The effect of gravity loads was not included in this analysis. 
The first plastic hinges generally formed at the ends of the 
first-level beam, and the second set of hinges at the base of the first-
story columns. After the formation of the third set of plastic hinges 
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at the ends of the second-level beam, the collapse mechanism was completed 
by the formation of plastic hinges at the top of the second-story columns. 
In the case of specimens subjected to uniform lateral loads, the order of 
the first and the second plastic hinge formations was reversed. The 
plastic hinges at the ends of the second-level beam are not required to 
form the collapse mechanism. 
Behavior of a frame with rigid zones in a beam-column connection 
(referred to as rigid joints) is compared with the one ignoring the rigid 
zones in a ~eam-column connection in Fig. 6.12 through Fig. 6.15 for the 
two lateral force distributions and for the two test specimens. The frame 
with rigid joints was initially stiffer than the other, but it gave almost 
the same displacements as the other frame at the formation of the collapse 
mechanism. The base'shear at the mechanism formation was higher for the 
frame with rigid joints. Overall force-deformation curves for the two 
frames were similar for a given lateral load distribution. 
The effect of lateral force distributions is compared in Fig. 6.16 
for a frame without rigid joints. Smaller displacements were observed in 
the frame subjected to a uniform distribution at the same base shear. 
The base shear at the mechanism formation was higher for the uniform dis-
tribution, whi le the displacements at the mechanism was larger for the 
triangular distribution. 
Collapse mechanism formation in Specimens 01 and 03 is shown 
in Fig. 6.17. The weaker Specimen 03 gave the larger displacements at 
all three levels for a given base shear, and the less base shear at the 
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formation of the collapse mechanism. The two frames behaved in a similar 
manner largely because the yield moments of the columns and the beams in 
Specimen D3 were reduced from those in Specimen 01 by simil~-r ratios. 
Displacements at the three beam levels are plotted in Fig. 6.18 
and 6.19 for each step when new plastic hinges were formed in test frames 
without rigid joints. The second story had initially the largest story 
deflection per story height for the two lateral force distributions. The 
first story gave the largest story deflection per story height at the 
formation of the collapse mechanism. The first-level displacements were 
comparable for the two force distributions at the mechanism formation, 
while the third-level displacement of a frame subjected to the triangular 
force distribution·was larger than that to the uniform force distribution, 
because more forces were distributed at upper levels in the triangular 
distribution than in the uniform distribution. The ratio of the three 
displacements was approximately 1.0 : 1.9 : 2.3 (first level : second 
level: third level) for the uniform force distribution, and 1.0 : 1.2 
2.6 for the triangular force distribution at the formation of the collapse 
mechan i sm. 
6.5 Discussion of the Test Results 
The behavior of the test frames to simulated earthquake motions 
cannot be explained precisely by an elastic response analysis or by an 
elasto-plastic analysis. However, the following discussion was attempted 
in order to show the relationship of predictions based on routinely avail-
able methods of analysis to the actual results of the three-story frames 
tested. 
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The initial first-mode frequencies of the test specimens were 
5.7 Hz for Test 01 and 5.3 Hz for Test 03, which were approximately 22 per-
cent smaller than those calculated based on uncracked transformed sections, 
but approximately 14 percent larger than those calculated based on yield 
sections. The frequencies associated with three fundamental modes dropped 
immediately after one large oscillation in the test, the waveforms cannot 
be predicted by the elastic response analysis based on the stiffness 
assumptions used in this chapter. 
'(a) Acceleration Response 
Measured acceleration waveforms were observed to have higher 
mode components especially at lower two levels. Initially the frequencies 
associated with the three fundamental modes were in the constant accelera-
tion range in a simplified response spectrum, hence, the spectral accelera-
tions were comparable for the three modes. Although the mode shape vectors 
might constantly have changed during a te~t run as structural damage 
progressed, the shape of the first-mode oscillation could be approximated 
as reversed triangular because the deflected shape required the least 
energy for the structure. Therefore, amplitudes of the first-mode compo-
nent were small at the first lev~l, and higher mode components were likely 
to appear in the lower levels. 
As the structural damage progressed, the first-mode frequency 
fell into the constant velocity range, while the second- and third-mode 
frequencies stayed in the constant acceleration range, hence, the share 
104 
of the first-mode component in acceleration waveforms decreased and higher-
mode components became visible in the third-level acceleration waveform. 
Measured maximum accelerations are compared with calculated 
maximum accelerations based on the two stiffness assumptions by a modal 
analysis method (root mean square) in Fig. 6.20 through 6.22, and by a 
response-history analysis method in Fig. 6.23 through 6.25. Maximum 
accelerations at the three levels were predicted reasonably well for the 
first three runs in Test D1 by the elastic response analysis methods based 
on either of the two stiffness assumptions. Calculated maximum accelera-
tions tended to increase almost linearly with the intensity of base motion, 
wh i 1 e the meas u red max i mum a cce 1 era t ions tended to reach Ily i e 1 d" 1 eve 1 
at a spectral intensity of approximately 10 in., and after which rate of 
increase was much less. The discrepancy between the measured and the cal-
culated values was observed after a spectrum intensity of approximately 
10 in. especially at the upper levels. Calculated maximum accelerations 
at the second and third levels were in moSt cases greater than the 
measured maximum accelerations. 
Calculated maximum accelerations based on the modal analysis 
and the response-history analysis showed similar trends with respect to 
the measured maximum accelerations. Although' it is not practical to use 
an elastic response analysis to predict acceleration response of a system 
to an intense base motion, if the elastic response analysis were to be 
used, the root-mean-square method of spectral modal analysis would be 
sufficient to obtain maximum values. 
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(b) Displacement Response 
From modal analyses based on uncracked transformed sections as 
well as on fully cracked sections, it was expected that the first-mode 
component would be dominant in displacement waveforms at all levels as 
demonstrated in (g) through (i) of Fig. 5.20 through 5.25. Although the 
observed frequencies were smaller than the calculated frequencies, the 
ratio of the observed frequencies associated with the three modes was 
more or less constant. Furthermore, because the smoothed spectral dis-
placement.increases as frequency decreases, the spectral displacement for 
the first mode is much larger than those for higher modes. Hence the 
first-mode component was dominant in displacement signals even in an 
inelastic system. 
As the damage increased in the test specimens, higher mode com-
ponents were also observed in the displacement signals. This may be 
explained as follows. A typical response spectrum at a critical damping 
factor of 5 percent (for example, see Fig. 5.27(a) for the simulated 
El Centro base motion) for the tests can be ideal ized to have constant 
acceleration response at frequencies above 5.0 Hz, constant displacement 
response at frequencies below 1.0 Hz, and constant velocity response at 
frequencies between 1.0 and 5.0 Hz. In the constant-acceleration response 
range, displacement increases rapidly as frequency decreases. The rate 
of increase in displacement response becomes slower in the constant-
velocity range. Initially, the frequencies associated with the three 
modes were in the constant acceleration range in the response spectra. 
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As the test progressed, the first-mode frequency fell into the constant 
velocity range. Hence, the rate of increase in the spectral displacement 
associated with the first mode became low. While the second- and the 
third-mode frequencies were still in the constant acceleration range to 
give increasing displacement response at a faster rate as the frequencies 
decreased with the amount of structural damage. In this manner, the higher 
frequency component became appreciable in the displacement waveforms. So 
far the phenomena were discussed only from the spectral viewpoint. The 
mode shape of vibration associated with the three modes should be considered 
as well. However, the effect of mode shape vectors was small compared with 
the effect of spectral response on the displacement response. 
Measured maximum displacements are compared with calculated 
maximum elastic displacements based on uncracked transformed and fully 
cracked sections. Measured displacements represent one-half of the total 
displacement range during a test run. Calculated displacements represent 
maximum displacements computed by modal analysis (RMS) shown in Fig. 6.26 
through 6.28 and response-history analysis shown in Fig. 6.29 through 6.31. 
It should be mentioned that these two methods to calculate maximum dis-
placements gave values of a similar magnitude for each test. 
Calculated maximum displacements (Fig. 6.26(c), 6.27(c), and 
6.28(c)) based on fully cracked sections agreed favorably with the measured 
displacements at the third level for simulated El Centro base motions. 
The comparison of the maximum displacements at the first and second levels 
was quite poor for the two types of base motion and for two different 
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(b) Displacement Response 
From modal analyses based on uncracked transformed sections as 
well as on fully cracked sections, it was expected that the first-mode 
component would be dominant in displacement waveforms at all levels as 
demonstrated in (g) through (i) of Fig. 5.20 through 5.25. Although the 
observed frequencies were smaller than the calculated frequencies, the 
ratio of the observed frequencies associated with the three modes was 
more or less constant. Furthermore, because the smoothed spectral dis-
placement ,increases as frequency decreases, the spectral displacement for 
the first mode is much larger than those for higher modes. Hence the 
first-mode component was dominant in displacement signals even in an 
inelastic system. 
As the damage increased in the test specimens, higher mode com-
ponents were also observed in the displacement signals. This may be 
explained as follows. A typical response spectrum at a critical damping 
factor of 5 percent (for example, see Fig. 5.27(a) for the simulated 
El Centro base motion) for the. tests can be idealized to have constant 
acceleration response at frequencies above 5.0 Hz, constant displacement 
response at frequencies below 1.0 Hz, and constant velocity response at 
frequencies between 1.0 and 5.0 Hz. In the constant-acceleration response 
range, displacement increases rapidly as frequency decreases. The rate 
of increase in displacement response becomes slower in the constant-
velocity range. Initially, the frequencies associated with the three 
modes were in the constant acceleration range in the response spectra. 
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As the test progressed, the first-mode frequency fell into the constant 
velocity range. Hence, the rate of increase in the spectral displacement 
associated with the first mode became low. While the second- and the 
third-mode frequencies were still in the constant acceleration range to 
give increasing displacement response at a faster rate as the frequencies 
decreased with the amount of structural damage. In this manner, the higher 
frequency component became appreciable in the displacement waveforms. So 
far the phenomena were discussed only from the spectral viewpoint. The 
mode shape of vibration associated with the three modes should be considered 
as well. However, the effect of mode shape vectors was small compared with 
the effect of spectral response on the displacement response. 
Measured maximum displacements are compared with calculated 
maximum elastic displacements based on uncracked transformed and fully 
cracked sections. Measured displacements represent one-half of the total 
displacement range during a test run. Calculated displacements represent 
maximum displacements computed by modal analysis (RMS) shown in Fig. 6.26 
through 6.28 and response-history analysis shown in Fig. 6.29 through 6.31. 
It should be mentioned that these two methods to calculate maximum dis-
placements gave values of a similar magnitude for each test . 
. Calculated maximum displacements (Fig. 6.26(c), 6.27(c), and 
6.28(c») based on fully cracked sections agreed favorably with the measured 
displacements at the third level for simulated El Centro base motions. 
The comparison of the maximum displacements at the first and second levels 
was quite poor for the two types of base motion and for two different 
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stiffness assumptions. In most cases, the calculated displacements were 
sma11er than the measured displacements. The comparison is also found to 
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be poor for the simulated Taft base motions at the three levels and for 
the two stiffness assumptions. The calculated displacements based 'on 
uncracked transformed sections were smaller than those based on fully 
cracked sections. Calculated maximum displacements based on uncracked 
sections always gave less than one-half of the measured maximum displace~ 
ments for simulated El Centro base motions, and mostly less than two-thirds 
of them for simulated Taft base motions. 
The ratio of the measured maximum displacements at the three 
levels, was approximately 1.0 1.9 2.3 (first level: second level 
th i rd level) for Test 01, 1.0 1 .9 2.7 for Test 02, and 1.0 : 1.7 : 
2.1 for Test 03, whereas, the corresponding ratio for the first mode was 
1.0 : 2.6 : 3.7. Therefore, it is difficult to have a good agreement at 
the three levels simultaneously based on the elastic response analysis, 
which is governed by the first-mode component. The ratio of the three 
level displacements at the formation of the collapse mechanism wa~ 1.0 
1.9 2.3 for the uniform lateral load distribution, and 1.0 : 1.2 : 2.6 
for the triangular lateral load distribution. The uniform distribution 
gave the more favorable ratio. 
The maximum base shears are compared with the maximum first-
level displacements for the measured and calculated values in Fig. 6.32. 
;,.---
Calculations were based·on elasto-plastic mechanism 'analysis without rigid 
zones in a beam-column connection. The measured displacements represent 
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one-half of the total displacement r~nge at the first level during a test 
run. Its hou 1 d be noted tha t the ana 1 ys is method underes t i ma ted the dis-
placement at a base shear below the formation of the first set of plastic 
hinges. 
(c) Base Shear Response 
Base shear was calculated as the algebraic sum of all lateral 
forces on the structure at each time step. As the intensity of the base 
motion was increased in successive test runs, a tendency was observed in 
the base-shear waveform to vary from a relatively smooth response reflect-
ing the first-mode (Fig. 5.20(b)) to a response with measurable higher 
mode components (Fig. 5.25(b)). 
If the mode shape of oscillation is considered, all three lateral 
forces act in the same direction for the firs't mode. Two lateral forces 
act in the same direction for the second and third modes, while the third 
force acts in the opposite direction to reduce the contribution to base 
shear of the two forces. Therefore, the first-mode component is expected 
to govern the base shear if the spectral accelerations are comparable 
for the three modes. 
As the structural damage progressed, spectral acceleration for 
the first-mode component decreased because of the decreasing frequency, 
which fell into the constant:-velocity range. On the other hand, spectral 
accelerations'for the second and thi,rd modes did not change much as they 
remained in the constant-acceleration range. Therefore, the higher mode 
components became visible in base shear waveforms as structural damage 
progressed. 
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Measured maximum base shears are compared with those calculated 
in the elasto-plastic mechanism analysis in Fig. 6.32. The horizontal 
axis represents the calculated first-level maximum displacement, and one-
half of the total first-level displacement range for the test resul·ts. 
Up to the displacement at which the collapse mechanism was calculated, 
the measured maximum base shears from Test 01 fell reasonably close to 
the calculated curve. After that, however, the measured maximum base 
shears were nearly 50 percent greater than the calculated base shear at 
the formation of the mechanism. 
If yield moments were assumed at the top and base of the first-
story columns inside-to-inside of the first-level beam and the base girder, 
then base shears become 2.40 kip for a single frame in Tests 01 and 02, 
and 2.28 kip for the single frame in Test 03. The measured maximum base 
shears at a displacement greater than 0.4 in. were larger than these 
values. 
Figure 3.5 shows a partial interaction diagram corresponding 
to the development of the tensile strength of the steel in the tension 
reinforcement. With an axial load of 1.47 kip, the first-story column 
could carry an ultimate bending moment of 12.3 kip-in. for Specimens 01 
and 02, and 11 .4.kip-in. for Specimen 03. Therefore, the upper bound base 
shear that a single frame could take was 3.28 kip for Test 01 and 02, and 
3.04 kip for Test D3. The measured maximum base shears were less than 
these upper bound values. 
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The moment-carryi~g capacity of a column tends to decrease as 
the axial load decreases if the section is des.igned so that the tension 
reinforcement yields prior to compression failure in the concrete. When 
the effect of overturning moment is considered, one column will be 
unburdened of its axial load and lose its moment-carrying capacity, while 
the other column increases its moment-carrying capacity due to the increas-
ing axial load. Therefore, a larger part of the existing base shear 
should be carried by the compression side column, which may cause shear 
failure in the column although the shear strength also increases with an 
increasing axial load. 
Measured maximum base shears are compared with maximum base 
shears calculated from the root-mean-square method of the spectral modal 
analysis in Fig. 6.33, and from the response-history analysis method in 
Fig. 6.34. The calculated base shears based on either of the two methods 
agreed favorably with the measured maximum base shears for the first two 
runs in Test 01. In the rest of the test 'runs, the calculated values were 
larger than the measured. The difference in the calculated maximum base 
shears between the two stiffness assumptions was small for the simulated 
El Centro base motions, and was smaller for the modal analysis than for 
the response-history analysis. The difference was large for the simulated 
Taft base motions. 
Figure 6.35 was plotted in an attempt to interpret the test 
results from the viewpoint of current design practice. The ordinates 
represent the ratios of the calculated to the measured base shear for the 
-) 
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three-story test frames. Tne calculated values were taken from the linear 
response-history analysis based on fully cracked sections at a damping 
factor of 5 percent of critical for the first and the second modes. In 
essence, the ordinates are the "actua1" reduction in base shear which can 
be ascribed to inelastic action. The abscissas represent the ratios of the 
measured maximum first-level displacement to the calculated "yield" deflec-
tion at the first level. The yield deflection was found to be 0.082 in. 
from Fig. 6.32(a) for Specimens D1 and D2 under the triangular force dis-
tribution without rigid zones in the joints, and 0.092 in. from Fig. 6.32(b) 
for Specimen D3. In essence, the abscissas are the "ductility" reached at 
the first beam level. 
The straight line A in the figure shows equal values of the reduc-
tion and the ductili'ty. The curve B shows the following relation 
in which 
y = Y211 - 1 
y = force reduction factor 
11 = ductility factor 
It is seen that data points fall below both Curves A and B. 
Data points indicate that the structure reached a ductility factor of 6.0 
in order to reduce the base shear from the calculated elastic response base 
shear by 50 percent. 
The reduction factor is strongly influenced by the way the struc-
tural stiffness and damping are evaluated. Therefore, this figure should 
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not be treated as the absolute measure, but it would be wr~ng to assume 
in the design of this structure that the elastic base shear calculated 
with a damping factor of 5 percent of critical could be reduced by the 
duct i 1 i ty factor 11 or by the factor 1211 - 1. 
(d) Base-Overturning Moment Response 
Overturning moment at the base of a structure was calculated as 
the algebraic sum of the products of lateral forces and corresponding 
heights from the base. The moment should be resisted by the bending 
moment at the base of the first-story columns and axial forces in the 
first-story columns. 
Base-overturning moment waveforms were observed to be almost 
exclusively governed by the first-mode component. This may be explained 
as follows. The three lateral loads act in the same direction for the 
first mode, hence, each lateral force contributes effectively to the base 
moment. On the other hand, one lateral force acts in the direction opposite 
to the other two forces for the second and the third modes, hence, base 
moments for the second and third modes become very small compared with the 
one for the first mode (Fig. 6.2). Base moments of the higher two modes 
were less than 2 percent of that of the first mode for the same spectral 
acceleration response in the case shown in Sections 6.2 and 6.3. There-
fore, the first-mode component would dominate the base-moment waveforms. 
Measured base-overturning moments are compared with those calcu-
lated in the elasto-plastic mechanism analysis in Fig. 6.36. The horizon-
tal axis represents the first-level displacement for the mechanism analysis, 
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and one-half of the total first-level displacement range for the test 
results. Up to a displacement at which the collapse mechanism was calcu-
lated, the maximum base-overturning moments from Test Dl were reasonably 
close to the calculated curve. After that, however, the measured maximum 
overturning moments were more than 50 percent greater than the calculated 
base moment corresponding to the formation of the mechanism in all three 
tests. This is a discrepancy due to the assumption of elasto-plastic 
response based on the yield stress of the steel. The measured base 
moments a~e compatible with the actual strength of the frames as demon-
strated below. 
From the equilibrium conditions, the following relation should 
hold for a single frame; 
where 
(6. 1 ) 
aTM = base overturning moment of a single frame 
MS1 ' MS2 bending moment at the base of the first-story. columns 
P = axial force in the first-story column due to overturning 
c 
effect 
L = center-to-center distance of the first-story columns 
(= 36.0 'in.) 
The moment-carryi~g capacity increases almost linearly with existing axial 
load in a column (~ig. j.5) if the axial load is less than the balance load. 
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The change in the axial load due to the overturning effect in the two 
columns is of the same magnitude, but of opposite s.igns. Therefore, 
the sum of the bending moments at the bases of the first-story columns 
can be assumed to be constant, and. given by twice the moment-carrying 
capacity at the initial axial load. The ultimate moments at s = 0.004 
cu 
with an axial load of 1.47 kips were read from, Fig. 3.5 to be 9.6 kip-in. 
for Specimens Dl and D2, and 9.1 kip-in. for Specimen D3. The maximum 
base moments were measured to be 132 kip-in. in Run Dl-6 for Tests D1 and 
D2, and 117 kip-in. in Run D3-4 for Test D3. The change in axial force 
was calculated from Eq. 6.1 as to be 3.1 kip for Run Dl-6, and 2.8 kip 
for Run 03-4. These calculated values indicate that a first-story column 
experienced tensile force of. 1.6 kip in Run 01-6, and 1.3 kip in Run 03-4. 
However, the columns were capable of carrying such tensile forces as 
demonstrated in the axial load-bending moment interaction diagrams (Fig. 
The measured maximum base moments are compared with those cal-
culated based on the root-mean-square method of the spectral modal analysis 
in Fig. 6.37, and based on the step-by-step response analysis method in 
Fig. 6.38. These two methods gave similar values. The calculated maxima 
agreed favorably for the two runs of Test 01. In the rest of test runs, 
the calculated maximum base moments were l~~ger than the measured. The 
calculated values based on the uncracked transformed sections of members 
were more than three times as large as the measured for the simulated 
Taft base motions. 
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CHAPTER 7 
DISCUSSION OF THE TEST RESULTS IN RELATION TO NONLINEAR ANALYSIS 
7. 1 I ntroductory Remarks 
The non1i~ear response of the test frames was studied analytically 
uti 1 izing the structural analysis method developed in Chapter 4, and the 
material properties evaluated in Chapter 3. The test frame was idealized 
as a regular plane frame standing on an infinitely rigid foundation. In 
forming structural stiffness, the portion of a member between an end and 
the contraflexure point was taken as a basic unit. Nonlinear response was 
determined for each basic unit by a primary response of a cantilever and 
Takeda's hysteresis (Takeda et al, 1970). Rotation due to bond slip of the 
tensile reinforcement at the ends of a member was assumed to follow a 
bi linear primary curve with a simplified hysteresis rule based on Takeda 
(Appendix F). The hysteresis rules used in this analysis were adopted 
arbitrarily. However, Takeda's hysteresis was shown to be efficient in 
predicting the dynamic behavior of reinforced concrete cantilever columns 
(Takeda et al, 1970) and reinforced concrete one-story one-bay frames (Gulkan 
and Sozen, 1971). A joint core was treated as infinitely rigid despite the 
fact that joint·cores developed X-shaped cracks in the experiments. The 
effect of the gravity load was not included in the analysis. Change in axial 
load in a column due to the overturning effect was not considered in evaluat-
ing the s t i ffness of the column. The analysis contained no 1 i mit to the 
fl exura 1 strength of individual members. None was needed becaus e of the 
v.ery low slope of the force-displacement curve after yielding. Maximum 
moments and displacements reached in individual members were logged. 
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The analytical model mentioned above was treated as the IIstand-
ard ll frame in both static and dynamic analyses. 
7.2 Static Analysis of Test Frames 
The strength of a single test frame was evaluated for a constantly 
increasing static load. Two different load distribution~ were used in the 
static analysis: (a) equal loads at the three levels and (b) loads varying 
proportionally with the height of the level. 
The analysis method developed in Chapter 4 allows as a member 
flexibility matrix any of Eq. E.14, E.15, and E.16 in Appendix E. Equation 
E.14 was used for the static analysis because the expected amount of compu-
tationa1 operations was not prohibitive. 
The structural response was calculated for incremental lateral 
loads as follows: 
(1) The structural stiffness matrix was formulated corresponding 
to location of the contraflexure points and stiffness 
characteristics of members in the preceding step. 
(2) Incremental structural displacements were calculated from 
the structural stiffness and the incremental loads. 
(3) Incremental member forces were calculated from joint dis-
placements. 
(4) If the location of the contraflexure point moved more than 
a 1 imiting value (0.0002 of member length in this analysis) 
from the assumed position, a new structural stiffness matrix 
was formulated, and steps (2) through (4) were repeated 
until the location of the contraflexure point converged 
using the same incremental load. 
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(5) If member forces exceed a limiting value, the member 
stiffness was modified in accordance with the hysteresis 
ru 1 es . 
The incremental loads were chosen so that any member would have an incre-
mental member force of less than 20 percent of its cracking moment .. 
Hysteresis rules were taken into account in step (5), because 
some members were unloaded due to the stiffness changes in the structure. 
This phenomenon was also observed in the elasto-plastic limit analysis 
described in Section 6.4. 
General response of the idealized frame can be summarized as 
follows in relation to Fig. 7.1. The frame was linearly elastic up to a 
base shear at which the cracking moment was first reached at the bottom 
of the first-story columns, or at the ends of the first level beam, or 
both at the same load step. After first cracking took place, the frame 
gradually lost its stiffness with additional cracks in the members. The 
stiffness of the frame was drastically reduced by the yielding at the base 
of the first-story columns, or at the ends of the first-level beam, or both 
simultaneously. The order of cracking and yielding of the members was very 
similar to that calculated in the elasto-p1astic limit analysis. After the 
first or second set of yield hinges, the stiffness of the frame did not 
change appreciably. 
The effects of rigid zones in joint cores and rotational springs 
that simulate bond slip of the tensile reinforcement at the ends of the 
members are studies for the uniform loads and the triangular loads in 
fig. 7.1 and 7.2. The ordinates of the figures represent total forces 
applied to the frame, and the abscissas are the first-level displacements. 
1'18 
As would be expected, a frame without rigid zones. gave the largest displace-
! 
I 
ment for a base shear, and the one without rotational springs. gave the i 
smal lest displacement. At first yielding in a frame, the frame without .' '~1 
.f 
rigid zones deflected 1.7 to 2.0 times the frame without rotational springs. 
Effect of model ing the inelastic-deformation properties of the 
frame members is studied for uniform loads and triangular loads in Fig. 7.3 
and 7.4. Inelastic behavior of a member was considered over an entire 
length in Eq. E.14 (circular symbols in the figures), while inelastic 
behavior was concentrated to two inelastic springs at the ends of the 
member in Eq. E.16 (triangular symbol). A frame model with equivalent 
:·····1 
inelastic springs was slightly more flexible than the one with inelastic 
...... -... .., 
I 
! 
members, but the difference was small. The effect of rigid zones or rota- i 
tiona] springs was by far greater than that of modeling inelastic stiffness 
.j 
of the memb er . 
The calculated load-deflection responses of the frames used in 
Tests 01 and 03 are compared in Fig. 7.5. Although the frame in Test D3 
..... j 
was slightly weaker than the one in Test 01, the force-displacement relations .. j 
were almost identical. However, cracking and yielding were calculated at -'-""1 
i 
different base shears and displacements. .. 'oj 
The effect of load distributions is studied in Fig. 7.6 and 7.7. 
As would be expected, uniform load distribution resulted in a larger base 
shear for the same first level displacement. Measured maximum base shears 
are compared with one-half of the first-level total displacement range in 
Fig. 7.6. Measured points fell reasonably close to the calculated curves. 
Calculated base moments are plotted against first-level displace-
ments for the two load distributions in Fig. 7.7. The difference between 
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the two curves is small. Measured maxImum base moments are also shown in 
the same figure. In general, the measured values gave larger base moments 
at the same first-level displacement than the calculated curves. 
The difference between the data and the calculated curves for 
base shear and base moment may be partially attributed to the force 
dis t rib ut i on. 
Displacements at the three levels are plotted for uniform and 
triangular loads in Fig. 7.8 and 7.9. Large relative displacements were 
observed in the first. and second stories for both load distributions. 
This was consistent with the locations of yielding at the first and second 
s to r i es . 
7.3 Nonl inear Response-History Analysis 
(a) The Method of Analysis 
Nonlinear response history of the idealized test frames was calcu-
lated for the measured base motions in the tests. In order to evaluate the 
member stiffness, Eq. E.15 in Appendix E was used, in which the member 
flexibility was based on stress history of the member and location of the 
contraflexure point at the last step. When bending moments at the ends of 
a member are s~all, the location of the contraflexure point shifts very 
rapidly even for a small change in the moments, which causes nonconvergence. 
in the numerical solution. Therefore, the location of the contraflexure 
point was frozen to the previous point if a bending moment at either end of 
a member was less than a specified value, which was determined for each 
response-history analysis. The value varied from 0.8 to two times the 
cracking moment for the member depending on the intensity of base motion. 
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Every test run was simulated analytically starting, in each case, 
with an undam.aged specimen. Two analytical solutions were obtained for 
each test run: with and without viscous damping. The damping matrix was 
proportional to the stiffness matrix with a damping factor for the first 
mode of 2 percent of critical at the initial elastic stage. 
The time interval in the response calculation was 0.0005 sec. 
(b) General Observations about Calculated Response Waveforms 
Calculated response histories of the idealized test frames to 
the measured base motions are shown in Fig. 7.10 through 7.21 for Test 01, 
in Fig. 7.26 through 7.40 for Test 02, and in Fig. 7.46 through 7.53 for 
Test 03. The overall characteristics of the calculated waveforms are 
simi 1ar to the measured response waveforms described in Section 5.3: 
(1) acceleration ·waveforms contained higher frequency components, 
especially at the first level, and 
(2) displacement, base shear, and· base-moment waveforms were 
smooth, and governed by the first-mode component. 
These observations are consistent with the modal characteristics of the 
structure and response spectra of base motions as described in Section 6.5. 
Briefly, base shear and base moment were likely to be dominated by the 
first-mode because of the characteristics of the mode shapes. Displace- • j 
ments at the three levels were governed by the first mode because of a much 
larger spectral displacement at the first-mode frequency than those at the 
.......... ~ 
second- and third-mode frequencies. Spectral accelerations a~ the three 
mode frequencies were comparable. Therefore, the higher mode components 
were noticeable in the waveforms, especially at the lower levels. 
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(c) Effects of Structural Characteristics 
The effects of various idealization of structural components and 
damping are studies in Fig. 7.26 through 7.34. Calculated maximum response 
val u es we r eli s ted i n Tab 1 e 7. 1 and 7. 2 . I nor de r tog i vet h e bas i s for 
comparison, an idealized test frame with rigid zones in joint cores" with 
rotational springs at the ends of the members having a simplified Takeda's 
hysteresis rule, and without viscous-type damping was taken to be "standard." 
The base motion used was that measured in Test Run 02-1. Member stiffness 
was based on Eq. E.15 in Appendix E for the IIstandard" frame. 
Calculated response waveforms of the standard frame without 
viscous damping are shown in Fig. 7.26. The effect of viscous damping was 
studied in Fig. 7.27 through 7.29, in which a critical damping factor of 
2 percent for the first mode at the initial elastic stage was used. The 
damping matrix was assumed to be proportional to the structural stiffness 
matrix (C l = 0 and C2 # 0 in Eq. 4.22) in Fig. 7.27, to be proportional to 
the mass matrix (C l F 0 and C2 = 0) in Fig. 7.28, and to be combination of 
the two (C l F 0 and C2 F 0) in Fig. 7.29.' For the uncracked structure, 
damping factors for each mode are tabulated below. 
J nit i a 1 DamE i ng Factors Constants 
for Three Modes 
Type of Damping 13 1 13 2 13 3 Cl C2 
(1) No damping 0.0 0.0 0.0 0.0 0.0 
(2) Damping proportional to 0.02 0.066 o. 119 0.0 0.00097 
s t i ffness 
(3) Damping proportioha1 to mass 0.02 0.006 0.003 1 .66 0.0 
, (4) Combination of (2) and (3) 0.02 0.02 0.025 1 .27 0.00022 
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If the dampi~g matrix is proportional to the stiffness matrix in a linearly 
elastic structure, l~rger dampi.ng factors are automatically ass.igned to the 
higher modes. J f a damp i ng matr i xis proport i ona 1 to the mass mat r ix, 
smaller damping factors are assigned to the higher modes. 
Acceleration waveforms in Fig. 7.27 (damping matrix proportional 
to stiffness matrix) were observed to have less discernible higher mode 
components than those in Fig. 7.26 (no viscous damping). Damping propor-
tional to structural stiffness was effective in reducing higher mode com-
ponents in inelastic response. Displacement waveforms in these two figures 
were almost identical. If base shear waveforms are compared, the one with 
no damping will be seen to contain more of higher mode components. 
The amount of higher mode components in acceleration waveforms 
in Fig. 7.28 (damping matrix proportional to mass matrix) is similar to 
that in Fig. 7.26 (no damping). Overall displacement waveforms in Fig. 7.28 
are similar to those in Fig. 7.26. However, the maximum displacements at 
the three levels in Fig. 7.28 were approximately 85 percent of those in 
Fi g. 7.26. 
Some of the higher mode components were reduced in acceleration 
waveforms of Fig. 7.29 (combination of damping proportional to mass and 
stiffness) in relation to those of Fig. 7.26 (no damping). Base shear, 
base mo~ent and displacement waveforms in Fig. 7.29 were almost identical 
to those in Fig. 7.28. 
From the comparison of acceleration waveforms for the three 
different cases, damping proportional to structural stiffness is most 
effective in reducing the amount of higher mode components without distort-
ing base shear, base moment and displacement waveforms from those in the 
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"standard" structure. The effect of viscous-type dampi.ng on the first-
mode response was observed to b~ measurable if the damping matrix was 
proportional to the mass matrix. If the damping matrix was proportional 
to the structural stiffness matrix, the effect of viscous-type damping 
on the first-mode response in inelastic range was observed to be small due 
to the reduction in stiffness. Hysteresis energy dissipation would be of 
more importance in a large inelastic response than that due to viscous-
type damp i ng . 
Effect of modeling the inelastic-deformation properties of the 
frame members was studied by using Eq. E.16 in Appendix E. Equation E.16 
assumes that all inelastic action of a member is concentrated at the ends 
of the member as equivalent inelastic springs. The member stiffness is 
determined considering the location of the contraflexure point. The 
response waveforms ·are shown in Fi g. 7.30. The overa 11 response waveforms 
were qui tes imi lar. to· those of the "standard" frame (Fig ~ 7.26). The 
maximum base shear, base moment, accelerations at all three levels, and 
the third-level displacement agreed with· those of the "standard" frame. 
The first- and second-level maximum displacements were approximately 1.2 
times those of the "s tandard" frame. 
If the location of the contraf1exure point was assumed to be 
fixed at the midspan of a frame member in evaluating the stiffness of 
"equ ivalent inelastic springs" at the ends of the member, the overall 
response waveforms (Fig. 7.31) were almost identical to those of the 
"standard" frames. Th~ maximum response values agreed very well with 
·those of the "standard" frame. 
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The effect of rigid zones in joint cores of a frame was studied 
by comparing Fig. 7.26 and 7.32. The rigid zones were ,ignored in the res-
ponse analysis in Fig. 7.32'. As would be expected, the frame without rigid 
zones in joint cores responded in a longer period than the standard frame; 
however, the difference was small. The maximum displacements of the frame 
without rigid zones were approximately l.2 times larger than those of the 
"standard" frame, whi le the maximum base shear, base moment, and accelera-
tions at three levels were of similar magnitudes for the two frames. The 
overall response waveforms were similar for the two frames. 
The rotational springs were not included in the response analysis 
shown in Fig. 7.33. As would be expected, the frame without the springs 
is stiffer than the "standard" frame. More of higher mode components can 
be observed in t~e acceleration waveforms in Fig. 7.33 than in those in 
Fig. 7.26. Maximum base shear and base moment of the frame without rota-
tiona1 springs were almost the same as those of the standard frame. Maximum 
displacements of the frame without rotational springs were approximately 
85 percent of those of the standard frame. 
The effect of hysteresis rules for rotational springs on the 
response waveforms was studied by comparing Fig. 7.26 and 7.34. In Fig. 
7.34, a regular bilinear hysteresis rule was assigned to the rotational 
springs, with the same primary response curve as those in the "standard" 
frame. The overall response of the two different frames was similar with 
large-amplitude oscillations at l.O, 2.0, and 5.0 sec. If base moment, 
base shear, and displacement waveforms in Fig. 7.26 and 7.34 are compared, 
the waveforms for the two frames are seen to be almost identical due to the 
i 
: 
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fact that both frames have exactly the same properties except for the 
hysteresis rules of the rotational springs. However, when acceleration 
waveforms at the three levels were compared, higher mode components are 
found to be more perceptible for the frame with bilinear rotational springs 
than for the "standard" frame. The difference in higher mode response may 
be attributed partially to the difference in the amount of hysteretic energy 
dissipation, and partially to the difference in the stiffness at low-ampli-
tude oscillation related to the two hysteretic rules as illustrated in 
Fig. 7.45. For a small oscillation in which stress remains within the 
upper and lower stress boundaries, the bil inear system does not dissipate 
hysteretic energy, while the degrading system does. As for the stiffness, 
it would be clear that the degrading system is more flexible than the 
bil inear system. 
The calculated maximum stresses in each member of the frames 
with different structural characteristics and dampings were seen to be 
comparable in Table 7.2. Some difference was observed only in member 
stresses below the yielding level, as wou·ld be expected from the fact that 
a stress does not increase much after the yielding. 
(d) General Comparison of Calculated Response with Measured 
-Response 
Comparison of calculated and measured response waveforms is sum-
marized in this section. The distribution of large-amplitude oscillations 
along the time axis, the maximum values, and frequency components were used 
as indices for the comp~rison. 
The response-history analysis referred to the "standard" frames 
which had the following special features discussed in the preceding section: 
126 
(a) rigid joint cores, (b) rotational springs at ends of frame members to 
represent slip of reinforcing bars, and (c) with or without damping pro-
portional to stiffness with a damping factor of 2 percent of critical for 
the first mode of the uncracked frame. 
Calculated response waveforms are shown in Fig. 7.10 through 7.21 
for Test Dl, in Fig. 7.26 through 7.~O for Test 02, and in Fig. 7.~6 through 
7.53 for Test 03. In each figure, (a) the measured base motion, (b) calcu-
lated base shear, and (c) base moment are shown. The calculated accelera-
tion waveforms at the three levels are shown in (d) through (f). The 
calculated displacement waveforms at the three levels are shown in (g) 
through (i). The waveforms of each signal start·at the same moment. 
Calculated maximum structural response values are listed in 
Table 7.3 through 7.5 for each test, and are compared with those measured 
in Fig. 7.22 through 7.25 for Test 01, in Fig. 7.~1 through 7.~4 for Test 
02, and in Fig. 7.54 through 7.57 for Test 03. 
The following general observations emerge from a comparison of 
the measured and calculated quantities. 
(1) The analytical model was stiffer than the test specimen. 
The large discrepancies in oscillating periods of the model and the speci-
men were observed especially at a low-amplitude of oscillation. 
(.2) The simulation was poor for a low intensity base motion in 
which yielding was calculated in only a few members. 
(3) The comparison was poor for any test run in which the test 
specimen had been damaged extensively in the preceding test runs. 
(~) The comparison was favorable for a test run in which the El 
Centro (NS) 19~O base motion was simulated at a high intensity. 
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(5) Viscous damping proportional to stiffness was effective in 
reduci,ng higher mode components in calculated acceleration waveforms. 
(6) Comparison of the acceleration waveforms was found to be 
more favorable for the model with damping in terms of the amount of higher 
mode components. 
(7) In general, calculated maximum accelerations and displace-
ments at the third level agreed favorably with those measured. 
(8) Calculated maximum accelerations and displacements at the 
lower beam levels sometimes showed discrepancies up to approximately 40 
percent of those measured. 
(9) Calculated maximum base shears and base moments agreed 
favorably with those measured (within 15 percent). 
Specific observations wi11 be recorded separately for the three tests in 
Sections 7.4, 7.5, and 7.6. 
7.4 Calculated Response for Test 01 
The "standard" frame with and without viscous damping was analyti-
cally subjected to the base motions measured in Test 01. Six test runs 
were analyzed independently. 
Calculated response waveforms are shown in Fig. 7.10 through 7.21, 
and are to be compared with the measured waveforms shown in Fig. 5.20 through 
5.25. Ca1culate,d maximum structural response values are compared with those 
measured in Fig. 7.22 through 7.25. Calculated maximum member response values 
are listed in Table 7.6. In this table, the term deflection coefficient 
refers to the ratio of ~he attained deflection to the yield deflection of 
a cantilever beam. In the analysis, each member is made up of two cantilever 
beams. 
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(a) Test Run 01-1 
Measured response waveforms are shown in Fig. 5.20. Calculated 
response waveforms are shown in Fig. 7.10 for the model without damping, 
and in Fig. 7.11 for the model with damping. 
Large-amplitude oscillations were measured at 1.0 to 2.0 sec~ and 
5.0 to 7.0 sec, while large-amplitude oscillations were calculated at 1.0 
to 2.5 sec, and 10 to 11 sec. 
Maximum base shear and base moment calculated with no damping 
were almost the same as those measured. However, the times for the calcu-
lated and measured maxima were not identical. Base shear and base moment 
waveforms calculated with damping were almost free of higher mode components, 
and their maxima were approximately 80 percent of those calculated without 
damping. 
The calculated maximum accelerations at three levels agreed favor-
ably with the measured maxima (within 20 percent), although they were not 
always calculated at the same moments as the measured maxima. 
The comparison of the measured and the calculated displacement 
waveforms was quite poor in amplitudes, frequency components and distribution 
of large-amplitude oscillations. The amplitudes of displacement calculated 
with damping were less than those calculated without damping. 
One strain gage on the" longitudinal reinforcement at the bottom 
of a first-story column indicated yielding in the steel. However, the 
maximum moment calculated without damping at the same location reached 
only 75 percent of the yielding moment. 
(b) T es t Run 0 1 - 2 
Measured response waveforms are shown in Fig. 5.21. Calculated 
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response waveforms are shown in Fig. 7.12 with no damping and in Fig. 7.13 
with damping. 
Large amplitude oscillations were observed at 1.0 sec, 2 sec, and 
5.0 to 6.0 sec. The analytical models could simulate the large-amplitude 
osci llations at 1.0 and 2.0 sec, but they failed to do so between 5.0 to 6.0 
sec. Instead, the analytical models exaggerated the osci llations between 
10.0 and 11.0 sec. 
The maximum base moment and base shear calculated with or 
without damping were in favorable agreement with those measured (within 
15 percent). 
·A1though the amount of higher mode components in acceleration 
waveforms was more satisfactorily s·imu1ated by the model with damping, 
the maximum accelerations were predicted better by the model without damping. 
Simulation of displacement waveforms was poor in terms of ampli-
tudes, distribution of large oscillations and frequency components. Dis-
placement waveforms calculated with and without viscous damping were very 
similar. 
Moments at the ends of the first-level beam and at the bottom of 
the first-story columns were calculated (without damping) to be barely over 
the yield level. 
(c) Test Run 01-3 
Measured response waveforms are shown in Fig. 5.22. Calculated 
response waveforms are shown in Fig. 7.14 for the frame with no damping, 
and in Fig. 7.15 for the frame with damping. 
Large-amplitude osci 11ations were measured at 1.0 sec, 2.0 sec, 
and 5.0 sec. Large oscillations at the same locations were calculated, but 
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at a higher fundamental frequency. Distribution of large oscillations in 
the calculated waveforms was closer to that in the measured waveforms of 
the last test run. 
In the base-shear and base-moment waveforms, large-amplitude 
osci llations were well simulated by the analytical models with and without 
damping. The model failed to reproduce higher mode components in the 
measured waveforms. 
Maximum accelerations at the second and third levels were predicted 
better by the model without damping, but the acceleration at· the first level 
was predicted better by the model with damping. 
The maximum displacement waveforms calculated with and without 
damping were similar. The calculated maxima at the three levels were 
approximately 75 percent of those measured. 
Yielding was calculated (without damping) at the ends of the 
first- and second-level beams and at the bottom of the first-story columns. 
The locations of yielded joints were not sufficient to form a collapse 
mechanism for the frame. 
(d) Test Run 01-4 
Measured response waveforms are shown in Fig. 5.23. Calculated 
waveforms are shown in Fig. 7.16 for the frame without viscous damping, 
and in Fig. 7.17 for the frame with viscous damping. 
Large-amplitude oscillations were observed at l.O to 3.0 sec, 
and medium-amplitude oscillations at 5.0 sec and 7.0 to 9.0 sec. The analy-
tical models with or without damping reproduced these medium- and large-ampli-
tude oscil lations successfully. 
. ...... ! 
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The base-moment and base-shear waveforms and maxima were very well 
simulated by the analytical models with or without damping. 
The times for the large-ampl itude oscillations in the calculated 
displacement waveforms compared well with the measured times; however, 
medi um-amplitude oscillations at around B.o to 10.0 sec were not successfully 
simulated .. The maximum displacements were predicted successfully by the 
models both with and without damping. 
Yielding was calculated for the model without damping at the ends 
of the first- and the second-level beams, at the top of the second- and the 
third-story columns, and at the bottom of the first-story columns. 
(e) Test Run 01-5 
Measured response waveforms are shown in Fig. 5.24. Calculated 
waveforms are shown in Fig. 7.1B for the model without damping, and in 
Fig. 7.19 for the model with damping. 
Large-amplitude oscillations were measured at 1.0 to 2.5 sec, 
which were followed by medium-amplitude oscillations with relatively large 
peaks at 5.0, 7.0, and 11.0 sec. The analytical models with and without 
damping could successfully simulate those large and medium oscillations. 
The base shear, base m0ment and displacement waveforms calculated 
with or without damping were quite similar. The maximum response values 
calculated with or without dQmping were comparable to those measured. 
In the analytical model without damping, yielding was calculated 
at the ends of all the members except at the top of the first-story column, 
and at the bottom of th~ second- and third-story columns. Deflection 
coefficients were calculated to be greater than B.o in the first-level beam 
and at the bottom of the first-story columns. 
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(f) Test Run 01-6 
Measured response waveforms are shown in Fig. 5.20. Calculated 
waveforms are shown in Fig. 7.20 for the idealized frame without viscous 
damping, and in Fig. 7.21 for the frame with viscous damping. The base 
motion in this run simulated the N21E component of Taft(1952) record. The 
test frame had been already damaged badly in the preceding five test runs. 
The analysis did not take this damage into account. 
The calculated base shear and base moment waveforms were quite 
poor compared with those measured, in terms of frequency components and 
distribution of large-amplitude oscillations. However, the analytical 
models with and without damping simulated the large-amplitude oscillations 
reasonab 1 y well. 
The maximum base shears and base moments calculated with and 
without damping agreed favorably with those measured. 
The measured acceleration waveforms were relatively wel1 simulated 
by the analytical models with or without damping. Higher mode components 
were more perceptible in the measured and" the calculated waveforms. 
The displacement waveforms calculated with and without damping 
were similar. Large residual displacements at the three levels were calcu-
lated without damping. The measured displacement waveforms changed their 
center of oscillation with time. A similar tendency was observed in the 
calculated waveforms only to a limited extent. 
7.5 Calculated Response for Test D2 
The results of nonlinear dynamic response analysis for the Test 
D2 are compared with the measured values. Comparisons were made on the 
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basis of waveforms (the measured waveforms in Fig. 5.33 through 5.36, and 
the calculated waveforms in Fig. 7.26 through 7.40), and maximum response 
values (Fig. 7.41 through 7.44). The maximum response of the members is 
listed in Table 7.7 for the analytical model without viscous damping. 
The analys is referred to the ideal ized Iistandard il frames with and 
without viscous damping. Four test runs were analyzed independently. 
(a) Test Run D2-1 
Measured response waveforms are shown in Fig. 5.33. Calculated 
response waveforms are shown in Fig. 7.26 for the model without damping, 
and in Fi9. 7.27 for the model with damping. 
Large-amplitude oscillations were observed at 1.0, 2.0, and 5.0 
sec, and medium-amplitude oscillations at 7.0 to 10.0 sec in the test. The 
analytical models with and without damping simulated the large-amplitude 
osci llations successfully, but failed to simulate the medium-amplitude 
osci llations .. 
The calculated waveforms (base shear, base moment, accelerations 
and displacements) with and without damping were almost identical with the 
measured waveforms up to approximately 3.0 sec from the beginning of the 
test. 
The base shear and base moment waveforms calculated with and 
without damping were almost identical except for a small amount of higher 
mode components. The maximum base shear and base moment calculated with 
and without damping agreed favorably with the measurements. 
The maximum displacements calculated with and without damping 
agreed very well with those measured. 
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Yielding was calculated (no viscous damping) at the ends of the 
first- and second-level beams, at the base of the first-story columns, and 
at the top of the second- and third-story columns. The locations of yielded 
joints Were sufficient to form the collapse mechanism of a frame with elasto-
plastic members. Deflection coefficients of 5.7 and 7.3 were calculated at 
the ends of the first-level beam and at the base of the first-story columns, 
respectively. 
(b) Test Run 02-2 
Measured response waveforms are shown in Fig. 5.34. Calculated 
response waveforms are shown in Fig. 7.35 for the analytical model without 
damping, and in Fig. 7.36 for the model with damping. 
Large-amplitude oscillations were observed at 1.0 to 2.5 sec, 
and medium-amplitude oscillations at 5.0 sec, 7.0 to 9.0 sec, and at 11.0 
sec. The analytical models with and without damping were successful in 
simulating these relatively large oscillations. 
The analytical models with and without damping simulated well 
the measured base-shear and base-moment waveforms. The calculated maximum 
base shear and base moment agreed favorab.ly with those measured. 
Distribution of acceleration amplitude along the time axis was 
calculated satisfactorily for the models with and without damping. The 
maximum accelerations at the three levels were also calculated satisfactorily. 
The residual displacements at the end of the base motion were 
calculated in the same direction as that measured. The effect of viscous 
damping in the calculated displacement waveforms was small. The maximum 
displacements at the three levels were calculated satisfactorily. 
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Yielding of the members was calculated at the same locations as 
in the preceding run. 
(c) Test Run D2-3 
Measured response waveforms are shown in Fig. 5.35. Calculated 
waveforms are shown in Fig. 7.37 for the idealized frame without damping, 
and in Fig. 7.38 for the frame with damping. 
In the measured base shear and base moment waveforms, large-
amplitude oscillations were separated by relatively small oscillations, 
whereas, large oscillations were more or less uniformly spread in the cal-
culated waveforms. 
In the calculated displacement waveforms, the fundamental mode 
frequency could be observed to be different at the beginning and at the 
end of the record. The residual displacement was calculated in the opposite 
direction to that measured. 
(d)- Test Run D2-4 
Measured response waveforms ar~ shown in Fig. 5.36. Calculated 
waveforms are shown in Fig. 7.39 for the model without damping, and in 
Fig. 7.40 for the model with damping. 
Large peaks were observed in the measured base-shear and base-
moment waveforms at 2.0, 3.0, 4.0, 5.5, and 9.5 sec. The calculated wave-
forms also peaked at the same locations. However, large oscillations in 
the calculated waveforms were not as clearly separated as those in the 
measured waveforms. The maximum base shear and base moment were calculated 
with and without damping closely to those measured, although the times for 
136 
the maximum values did not coincide with the times at which maxima were 
measured. 
Distribution of amplitudes along the time axis in the calculated 
acceleration waveforms was somewhat similar to that in the measured wave-
forms. 
Comparison of the measured and the calculated displacement wave-
forms was poor. 
7.6 Calculated Response for Test D3 
The measured response in Test D3 is compared with the calculated 
response from the non 1 i nea r dynami c ana lys is of the "s tandard ll frame wi th 
and without damping using the measured base motions. Four test runs were 
analyzed independently. The measured waveforms are shown in Fig. 5.44 
through 5.47. The calculate·d waveforms are shown in Fig. 7.46 through 
7.53. The measured and the calculated maximum response values are compared 
in Fig. 7.54 through 7.57. The maximum response of the members is listed 
in Table 7.8 for the analytical model without viscous damping. 
(a) Test Run D3-1 
Measured response waveforms are shown in Fig. 5.44. Calculated 
response waveforms are shown in Fig. 7.46 for the model without damping, 
and in Fi,g. 7.47 for the model with damping. 
Large-amplitude oscillations were observed in the measured wave-
forms at 1.0 and 2.0 sec, and medium-amplitude oscillations at 5.0 sec and 
7.0 to 10.5 sec. The analytical models with or without damping could 
simulate the measured waveform closely up to 2.5 sec from the beginning of 
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the test, during which time the largest response was measured in the test. 
The medium-amplitude oscillations at 5.0 sec were successfully simulated by 
the analytical models, but those between 7.0 and 10.5 sec were not. 
Minor differences were observed in the base-shear and base-moment 
waveforms calculated with and without viscous damping. The calculated 
maximum base shear and base moment were approximately 80 percent of those 
measured. 
The maximum accelerations calculated without damping were closer 
to the measurements than those calculated with damping. 
The displacements at the first- and second-beam levels were not 
measured in this test run due to the failure in the amplifiers. The dis-
placements calculated with damping were generally smaller than those 
calculated without damping. The maximum displacement at the third level 
was calculated closely without damping. The large displacements calculated 
with damping were approximately 80 percent of the measured values. 
Yielding was calculated at the ends of the first- and second-
level beams, at the top of the second- and third-s'tory columns, and at the 
bottom of the first-story columns. 
(b) Test 03-2 
Measured response waveforms are shown in Fig. 5.45. Calculated 
response waveforms are shown in Fig. 7.48 for the model without damping, 
and in Fig. 7.49 for the model with damping. 
Large-amplitude oscillations were observed at l.O to 3.0 sec, and 
medium-amplitude oscillations at 5.0 sec, 7.0 to 8.0 sec, and 11.0 sec. The 
analytical models with and without viscous damping simulated those large 
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oscillations, although some discrepancies were found in frequen~y components 
and amplitudes. 
The calculated base-shear and base-moment waveforms were close to 
those measured except for low-amplitude oscillations. The calculated wave-
forms with and without damping were almost identical except for the higher 
mode components. The maximum base shear and base moment were calculated 
in good agreement with those measured. 
The calculated acceleration waveforms at the three levels were 
comparable to those measured. The calculated maximum accelerations (with 
or without damping) at the three levels were in agreement (within 10 percent) 
with those measured except the maximum acceleration at the first level cal-
culated with damping (30 percent off). 
The displacement waveforms calculated with and without damping 
were almost identical for this test run. Large oscillations in the calcu-
lated displacement waveforms were separated by small oscillations. However, 
the large oscillations in the measured waveforms continued having a similar 
amplitude. The maximum displacements at ,the second and third levels were 
in good agreement with those measured. The maximum displacement at the 
first level was calculated to be approximately two-thirds of that measured. 
(c) Test Run D3-3 
Measured response waveforms are shown in Fig. 5.46. Calculated 
response waveforms are shown in Fig. 7.50 for the model without damping, 
and in Fig. 7.51 for the model with damping. 
The test specimen had been damaged in the preceding two test runs. 
The intensity of base motion in this run was almost the same as that in the 
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last run. Therefore, it may not be fair to compare the measured and the 
calculated responses, for the calculation was based on the idealized frame 
without initial damage. 
Large-amplitude oscillations in the measured base-shear and base-
moment waveforms were generally separated by medium- or small-amplitude 
osci llations. However, those in the calculated waveforms continued with 
comparable amplitudes. The maximum base shear and base moment were cal-
culated closely to those measured, although the calculated maxima were 
not found at the same time. 
Comparison of the measured and calculated acceleration waveforms 
was poor in terms of frequency components and amplitudes. 
The measured displacement waveforms shifted the center of oscilla-
tion after a large oscillation at 1.5 sec, at which the analytical model 
had not suffered a degree of damage similar to the test specimen. The 
comparison of the displacement waveforms was poor. 
(d) Test Run D3-4 
Measured response waveforms are shown in Fig. 5.47. Calculated 
response waveforms are shown in Fig. 7.52 for the model without damping, 
and in Fig. 7.53 for the model with damping. 
Comparison of the measured and the calculated waveforms in this 
run was poor. However, the maximum base shear, base moment, and accelera-
tions at the three levels were calculated satisfactorily. 
The calculated maximum displacements were 40 to 90 percent of 
those measured. The larger discrepancy was observed at the lower beam 
levels. 
140 
Yielding was calculated at the ends of all the beams, at the top 
of the second- and third-story columns, and at the bottom of the second-
and third-story columns. A large change in the fundamental frequency can 
be seen in the calculated base moment waveforms by comparing oscillations 
during the first and last 2.0 sec of the test. 
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CHAPTER 8 
SUMMARY AND CONCLUSIONS 
8.1 Object and Scope 
The main objective of this investigation was to study experimen-
tally and analytically the response of multistory reinforced concrete frames 
subjected to a strong base motion. 
Small three-story one-bay reinforced concrete frames were tested 
using the University of Illinois Earthquake Simulator (dimensions of the 
test specimen in Fig. A.12, material properties in Table 3.2). Each speci-
men consisting of two parallel frames, carried approximately 2,000 lb at 
each story (Fig. 2.1). Each test involved a series of simulated earthquake 
motions of increasing intensity in one horizontal direction parallel to 
the planes of the frames. The earthquake records were the NS component of 
1940 El Centro and the N21E component of 1952 Taft. Three tests were con-
ducted with four to six runs in each test. The maximum base acceleration 
varied from 0.24 to 3.4 g (response spectra in Fig. 5.27). Limiting base 
shear coefficient of the specimens (base shear corresponding to collapse 
mechanism for a Iitriangular ll lateral load distribution divided by total 
weight of test structure) was approximately 0.6. Measurements in the tests 
included accelerations and displacements at all levels. 
8.2 Observed Response to Simulated Earthquake Motions 
(1) All three specimens withstood, without collapse, the base 
motions of maximum accelerations of 2.1 to 3.4 g. The relative intensity 
index (maximum base acceleration coefficient divided by the limiting base 
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shear coefficient of the specimen) reached a maximum of approximately 6.0. 
(For an SDF system with a period of 0.1 to 0.3 sec and a damping factor of 
5 to 10 percent of critical, the relative intensity index should not exceed 
approximately 0.5 for the system to remain elastic). 
(2) The measured maximum first-level displacement was approximately 
one-twentieth of the story height. 
(3) The measured maximum base shears were approximately 1.7 times 
the base shear calculated for the collapse mechanism (load at each level 
proportional to height, no strain hardening). The measured maximum base 
shear was approximately 1.3 times the calculated base shear assuming yield 
moments at the top and the bottom of the first-story columns (clear height). 
(4) The measured maximum base (overturning) moments were approxi-
mately 1.8 times the base moment calculated for the collapse mechanism. Due 
to this large base moment, the first-story column developed net tensile 
stress, which was not calculated for the collapse mechanism. 
(5) The fundamental frequency of a specimen varied from approxi-
mately 80 percent of the calculated natural frequency (based on uncracked 
transformed sections, without rigid zones in joint cores, and without rota-
tional springs at ends of the frame members) before the first test run to 
25 percent at the end of the last test run. 
(6) Spectrum intensity with a damping factor of 20 percent of 
critical was found to be a better index to define an intensity of base 
motion than maximum base acceleration. Total displacement range at each 
level increased almost linearly with spectrum intensity. 
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(7) Damping factors measured after the base motion had subsided 
ranged from 4 to 7 percent of critical for the first mode even after the 
specimen was severely damaged. 
(8) The three beam levels oscillated generally in the same phase. 
(9) Base shear and base moment were generally in phase w~th the 
third-level displacement. 
(10) Acceleration waveforms contained higher frequency components, 
especially at the lower two beam levels. 
8.3 Test Results in Relation to Calculated Linearly Elastic Response 
,Linear response analysis of an idealized frame was made for each 
base motion measured in the tests. In predicting the response of a rein-
forced concrete system, linear analysis is handicapped not only by the 
possible yielding of the structure but also by the drastic changes in stiff-
ness which occur due'to progressive cracking. The analyses were made for 
the frame mem~ers with uncracked transformed and fully cracked sections 
using a critical damping factor of 5 percent for the first two modes in 
response-history analysis, and 5 percent for all three modes in spectral 
modal analysis. 
(1) Calculated maximum accelerations based on either uncracked 
transformed or fully cracked sections at the three levels agreed favorably 
with those measured for low intensity base motion, as would be expected from 
the fact that the initial fundamental frequencies of the specimen and the 
idealized elastic frames were well in the "constant acceleration" range of 
the response spectrum. 'However, when the intensity of base motion increased, 
the calculated maximum accelerations deviated from those measured because 
of cracking and yielding in the test specimen. 
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(2) Calculated maximum displacements at the third level based on 
fully cracked sections agreed favorably with those measured for simulated 
El Centro base motions. The comparison of measured and calculated (fully 
cracked sections) maximum displacements at the first and the second levels 
was observed to be poor. The calculated maximum displacements at all three 
levels based on uncracked transformed sections were always smaller than two-
thirds of the corresponding measured maximum displacements. 
(3) The "actual" reduction in base shear was much less than the 
'Iducti 1 ity" 11 reached at the first beam level, or less than 1211 - 1. The 
"actual 'l reduction was defined as a ratio of the calculated (linearly elastic, 
fully cracked sections, and a critical damping factor of 5 percent for the 
first two modes) to the measured maximum base shear. The "ductility" was 
defined as a ratio of the measured maximum first-level displacement to the 
calculated Ily ield" deflection of the frame at the fi rst level for triangular 
load distribution in elasto-plastic limit analysis. 
(4) The maximum accelerations at the three levels calculated from 
the square root of the sum of the squares ·of the maximum modal components 
agreed favorably with those calculated from response-history analysis. 
(5) The maximum displacements at the three levels calculated from 
the first-mode component alone agreed favorably with those calculated from 
response-history analysis. 
(6) The maximum base shears and base moments calculated from the 
first mode component alone agreed favorably with those calculated from 
response-history analysis. 
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8.4 Test Results in Relation to Calculated Nonlinear Response 
Nonlinear response history was calculated by a method developed in 
this report. In analyzing the overall response of the frame, the portion 
of the beam or column between the varying point of contraflexure and the 
joint was considered as a basic unit. The stiffness characteristics of 
the basic unit were determined by the primary force-deflection and rotation 
relations of a cantilever and Takeda's hysteresis rule (Takeda et al, 1970). 
Rotation due to bond slip of the tensile reinforcement was simulated by 
placing, at ends of the frame members, bilinear rotational springs with a 
simplified hysteresis based on Takeda. The joint core, the part common to 
both the beam and the column, was assumed to be infinitely rigid. The 
idealized frame without viscous damping was taken to be the "standard". 
The effects of various idealizations of structural components and 
damping observed in .the course of the analysis are sumnarized as follows: 
(1) Damping proportional to stiffness was very effective in 
reducing amplitudes of higher frequency components witho~t changing funda-
mental waveform. 
(2) Damping proportional to mass reduced amp1 itude of fundamental 
wave without affecting the amount of higher frequency components. 
(3) Simplified Takeda is hysteresis used in rotational springs 
had capability of dissipating more energy and providing lower stiffness at 
low-amplitude oscillations than bilinear hysteresis. 
Comparisons of calculated response waveforms with those measured 
are summarized as follows: 
(1) The analytical model was stiffer than the test specimen, 
especially at low-amplitude oscillations. 
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(2) Large oscillations were favorably simulated by the analytical 
model, if the intensity of base motion was relatively high, and jf the 
damage in the test specimen was small prior to the test run. 
(3) The analytical model with viscous damping proportional to 
stiffness (a first-mode damping factor of 2 percent of critical at the 
initial uncracked stage) was preferable to the one without viscous damping 
in the amount of higher frequency components in the calculated acceleration 
waveforms. 
(4) The analytical model predicted closely the maximum accelera-
tions and displacements at the third level, and the maximum base shears 
and base moments. 
8.5 Concluding Discussion 
The three-story reinforced concrete frames resisted very strong 
base motions, in the plane of the frame, without collapse. The severity of 
the ground motion in relation to the strength of the structure is reflected 
by the relative intensity index (defined in Section 8.2) which reached 6.0 
in the tests. The measured maximum first-level deflection exceeded' approxi-
mately 10 times the yield deflection calculated for the collapse mechanism 
(load at each level proportional to height, and no strain hardening). The 
observed heavy damage was limited to the bases of the first-story columns. 
All damage was attributable to axial load and/or flexure without complica-
tions due to shear and bond stresses. It should be noted that all frame 
members and joint cores were provided with web reinforcement to carry the 
entire expected shear. 
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Because of strain hardening in the reinforcement, the measured 
base shears and base moments were considerably larger than quantities cal-
culated from idealized elasto-plastic models. For the same reason, columns 
developed net axial tensile forces during the more severe test runs, a 
conclusion which could not be obtained by routine elasto-plastic analysis. 
Within the domain of linearly elastic analysis, a relatively 
elaborate response-history analysis provided no better insight into the 
behavior of the test structures than the simple spectral-response analysi~ 
based on a spectrum calculated for small frequency intervals. 
The total base shear obtained from linear-response analysis (fully 
cracked sections, damping factor of 5 percent of critical) could not be 
reconciled with the measured base shear in relation to the attained ducti-
lity for the first level (by dividing the calculated base shear by the 
ductility factor ~ or by 12~ - 1). 
The inelastic model reproduced the response of the test frames 
satisfactorily for large-amplitude response. The model was able to account 
for behavioral characteristics r~lated to·yielding anrl strain hardening of 
the reinforcement, cracking of the concrete, major shifts in the point of 
contraflexure in the frame members, and stiffness changes due to load 
reversals. 
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Table 2.1 Summary of Base Motions 
Earthquake Meas ured Spectrum Intensity** 
Des i gnat i on~', Max. Acc. ,g (S 120 ) in. 
( 1 ) Test 01 
Run E1 Centro (NS) 1940 0.24 4.55 
Run 2 E1 Centro (NS) 1940 0.40 7.06 
Run 3 El Centro (NS) 1940 0.53 10.7 
Run 4 El Centro (NS) 1940 0.84 15.7 
Run 5 E1 Centro (NS) 1940 1.42 21.3 
Run 6 Taft (N21 E) 1952 3.16 30.4 
(2) Test 02 
Run E1 Centro (NS) 1940 0.86 15.8 
Run 2 E1 Centro (NS) 1940 1. 10 19.3 
Run 3 Taft (N21E) 1952 1 .21 20.1 
Run 4 Taft (N21E) 1952 3.43 28.4 
(3) Test 03 
Run E 1 Centro (NS) 1940 0.61 12.3 
Run 2 E1 Centro (NS) 1940 1. 10 18.2 
Run 3 Taft (N21E) 1952 0.93 19.0 
Run 4 Taft (N21E) 1952 2.14 25.3 
-;~ 
The time axis of the original earthquake acceleration record was 
compressed by 2.5. The amplitudes were varied. 
;':-;', 
Spectrum intensity was calculated for a damping factor of 20 percent 
of critical and a period range from 0.04 to 1.0 sec. 
w _. J 
Table 3.1 Material Properties Used in Calculating the Cracking Point 
Young1s Modulus of the Steel, psi 
Secant Modulus* of the Concrete, psi 
Tensile Strength of the Concrete, psi 
Effective Moment Inertia** of Columns, in~ 
Effective Moment Inertia** of Beams, in~ 
Specimens OJ and 02 
29,000,000 
3, 160,000 
470 
4.51 
7.63 
* Secant modulus at 40 percent of compressive strength of the concrete 
**Based on uncracked transformed sections 
I ) I ~ __ .. -1 .! I 1 :"~,-J :._"-_-.J .. _._._.J _: __ ._1 ~-.-.~ 
Specimen 03 
29,000,000 
3,010,000 
368 
4.37 
7. 18 
\n 
.t:-
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Table 3.2 Material Properties Used in Calculating 
th~ Yield Moment and Curvature 
Specimens 01 and D2 
Properties of the Concrete 
Compressive Strength f~, psi 
Strain at f' 
c 
Slope Constant Z for Oescendi,ng Branch 
Properties of the Reinforcement 
Yield Stress f , psi y 
Ultimate Stress f ,psi 
su 
Yield Strain E: y 
Strain Hardening Strain E:sh 
Ultimate Strain E: 
su 
Dimensions of the Cross Sections 
Wi dth b, in. 
Total Depth 0, in. 
Column 
Beam 
Depth of the Tensile Reinforcement d, in. 
Column 
Beam 
Depth of the Compressive Reinforcement d
'
, in. 
Column 
Beam 
Area of the Tensile Reinforcement A , in~ 
s 
Column and Beam 
Area of the Compressive Reinforcement AI, in~ 
s 
Column and Beam 
5,050 
0.00280 
100.0 
42,600 
66,500 
0.00147 
0.016 
0.065 
2.5 
2.5 
3.0 
0.375 
0.40 
2. ]25 
2.60 
o. ] 0 
O. ]0 
Specimen D3 
5,050 
0.00280 
100.0 
42,600 
66,500 
0.00147 
0.016 
0.065 
2.5 
2.5 
3.0 
0.45 
0.55 
2.05 
2.45 
0.10 
O. ]0 
Table 3.3 Calculated Moment-Curvature Relationship 
First-Story Column Second-Story Column Third-Story Column A 11 Beams 
Stage M-" " cp-'--" 1\1\ M cp M cp M ~ 
(a) Specimens 01 and 02 
Cracking 2.51 0.176 2.24 0.157 1.97 0.138 2.38 0.0992 
Yielding 9.01 1 .215 8.59 1 . 185 8. 16 1 . 151 9.67 0.875 
Si','ki', = 0.002 9.40 3.53 8.97 3.76 8.54 4.02 10. 1 1 4.10 
c 
S = 0.004 9.56 9.20 9.15 9.50 8.78 9.80 10.81 9.60 
c 
S = 0.006 
c 
10. 19 14.15 9.82 14.50 9.46 14.85 11.84 14.22 
S = 0.008 10.76 18.90 10.40 19.27 10.04 19.60 12.75 18.68 
c 
S = 0.010 11 . 32 23.60 10.96 23.95 10.60 24.30 13.60 23.02 \J1 
c 0" 
(b) Specimen 03 
Cracking 2. 11 0.160 1 .84 0.140 1. 56 0.119 1. 76 0.0815 
Yielding 8.55 1 .289 8.16 1 .254 7.75 1.223 8.86 0.967 
S i';;';;', = o. 00 2 8.96 3.20 8.56 
c 
3.41 8.14 3.68 9.43 3.42 
S = 0.004 
c 
9.13 8.00 8.72 8.26 8.32 8.57 9.72 7.61 
S = 0.006 9.28 11 .92 8.93 
c 
12.31 8.58 12.70 10. 13 11 . 21 
S = 0.008 
c 
9.62 16.34 9.28 16.65 8.93 16.96 10.52 14.58 
S = 0.010 9.92 20.28 9.59 
c 
20.59 9.25 20.89 10.82 17.80 
* M = Moment, kip-in. ** ¢ = Curvature, x 10-3 l/in. *** S = Compressive fiber strain 
c 
, J 
.. -~ ~I I ( ,j I ! I I 1 ~....-1 . I ~ .. ---j , .. _ ... 1 ... _--j J .! ~_. __ ....... l -------.! _':' .• __ ,:,r .' .•. ____ . ..J 
I' 
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Table 3.4 Idealized Moment-Rotation and Moment-Displacement 
Relationships of a Unit Length Cantilever 
Cracking Yielding 
Member M"~ Ric;': Di'-c"';'~i" M R 0 
(a) Specimens 01 and 02 
Beam 2.38 0.0494 0.0329 9.67 0.423 0.289 
First-Story Column 2.51 0.0881 0.0461 9.01 0.585 0.401 
Second-Story Column 2.24 0.0786 0.0524 8.59 0.573 0.392 
Third-Story Column 1.97 0.0691 0.0587 8.16 0.559 0.381 
(b) Specimen 03 
Beam 1. 76 0.0407 0.0271 8.86 0.473 0.321 
First-Story Column 2. 11 0.0802 0.0535 8.55 0.625 0.426 
Second-Story Column 1. 84 0.0699 0.0466 8.16 0.611 0.416 
Third-Story Column 1.56 0.0593 0.0395 7.75 0.599 0.406 
* M = Moment, kip-in. 
**R = Free end rotation, x 10-3 rad 
***D = Free end displacement, x 10-3 in. 
r'--"-' 
Ultimate 
M R 0 
12.75 2.68 2.33 
10.76 2.40 2.07 
10.40 2.25 1 .94 
10.04 2. 13 1 .82 
\1'1 
10.52 1 .62 1 .39 ........ 
9.62 1 .54 1. 28 
9.28 1. 62 1. 35 
8.93 1. 78 1. 45 
Table 3.5 Member End Rotation Due to Bond Slip of the Tensile Reinforcement 
Break-Point Yield-Point 
Member Moment, kip-in. Rotation, rad. Moment, kip-in. Rotation, rad. 
(a) Specimens D1 and D2 
Beam 4.84 0.000483 9.67 0.00193 
First-Story Column 4.5] 0.000605 9.01 0.00242 
Second-Story Column 4.30 0.000605 8.59 0.00242 
Third-Story Column 4.08 0.000605 8.16 0.00242 
(b) Spec i men D3 
Beam 4.43 0.000558 8.86 0.00223 
\n 
First-Story Column 4.28 0.000663 8.55 0.00265 co 
Second-Story Column 4.08 0.000663 8.16 0.00265 
Third-Story Column 3.88 0.000663 7.75 0.00265 
-. . ...;J 1 .. ___ J ~.-~ . I :..--...! ~-.--j ~ ___ ...J __ J : . ~':.j ~:_ .. _:...J _ ........ j .-.~~~ ......... __ -l1...iJ 
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Table 5.1 
Response Designation 
(a) Spectrum I ntens i ty, in. 
S I 
o 
SiS 
SI 20 
(b) Frequenc i es, Hz 
First Mode 
Second Mode 
Third Mode 
(c) Base Acceleration, 9 
(d) Base Shear, kip 
(e) Base Moment, kip-in. 
(f) Acceleration, 9 
First Level 
Second Level 
_Third Level 
(g) Oisplacement~~, in. 
(h) 
(i) 
Fi rs t Leve 1 
Second Level 
Third Level 
3 
Base Shear/ Lip I. ~b~ 
i=l max I 
3 
Base Moment/ I Ip I·**h.*** 
i~l max I I 
Summary of Observed Response in Test 01 
0]-1 
13.2 
6.91 
4.55 
4.2--3.6 
14--12 
0.24 
1. 37 
54 
0.37 
0.59 
0.74 
O. 11 
0.23 
0.32 
0.90 
0.85 
01-2 
20.1 
10.6 
7.06 
3.6--3.4 
13--12 
0.40 
2.00 
81 
0.70 
0.88 
1. 10 
0.17 
0.53 
0.76 
0.84 
Test 
01-3 
30.4 
16. 1 
10.7 
3.3--2.8 
13--12 
22 
0.53 
1.99 
75 
0.88 
1. 10 
1. 40 
0.28 
0.56 
0.72 
0.60 
0.61 
Run 
01-4 01-5 01=b 
45.2 
23.9 
15.7 
3.0--2.4 
13--10 
21 
0.84 
2.72 
105 
0.88 
1. 20 
1. 50 
0.44 
1.06 
0.78 
0.80 
60.5 
32.2 
21.3 
2.8--2.0 
18 
1. 42 
2.67 
106 
1. 10 
1. 40 
1. 45 
0.61 
1. 17 
1.39 
0.69 
0.76 
100.6 
48.5 
30.4 
1.7--1.2 
9 
19 
3.16 
3.01 
132 
1. 69 
1. 50 
2.60 
0.84 
1. 61 
1.92 
0.53 
0.62 
*One half of total displacement range in a test run. **Maximum lateral load of a level in a test run. 
***Height of a level from the base. 
\n 
\..0 
!- r"'''_O'~ 
~ "_: J 
Table 5.2 Summary of Observed Response in Test 02 
Response Designation 
(a) Spectrum I ntens i ty, in. 
SI 
o 
SiS 
SI 20 
(b) Frequencies, Hz 
First Mode 
Second Mode 
Third Mode 
(c) Base Acceleration, 9 
(d) Base Shear, kip 
(e) Base Moment, ki p- in. 
(f) Acceleration, 9 
Firs t Leve 1 
Second Level 
Third Level 
(g) Displacement;", in. 
02-1 
42.5 
23.3 
15.8 
3.7--3.0 
13--] 1 
24--21 
0.86 
2.78 
109 
1.29 
1.15 
1. 61 
First Level 0.39 
Second Level 0.72 
Third Level 1.08 
3 
(h) Ba s e She a r! Lip I . ib', 0 . 70 " 
i=l max I 
3 
Base Moment! I /p /.**h.** 0.83 
i=l max I I 
( i ) 
Test 
02-2 
52.9 
28.7 
19.3 
3.0--2.3 
]2--10 
20 
1. 1 0 
2.91 
109 
1.27 
1.32 
1.50 
0.53 
0.98 
1.44 
0.73 
0.74 
Run 
02-3 
63.9 
30.8 
20.1 
2.7--2.1 
10--9.] 
20--16 
1. 21 
2.75 
103 
1. 49 
1.24 
1.60 
0.59 
1.07 
1.53 
0.65 
0.69 
02-4 
89.9 
43.0 
28.4 
3.2--1.8 
10--8.0 
17--16 
3.43 
2.86 
]25 
2.02 
1. 74 
2.04 
0.79 
1. 47 
2.17 
0.50 
0.64 
*One half of total displacement range in a test run. **Maximum lateral load of a level in a 
***Height of a level from the base. test run. 
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Table 5.3 Summary of Observed Response in Test D3 
Response Designation 
(a) Spectrum I ntens i ty, in. 
SI 
o 
SiS 
S/ 20 
(b) Frequencies, Hz 
Fi rst Mode 
Second Mode 
Third Mode 
(c) Base Acceleration, 9 
(d) Base Shear, kip 
(e) Base Moment, kip-in. 
(f) Acceleration, 9 
Fi rst Level 
Second Level 
Third Level 
(g) Displacement;", in. 
First Level 
Second Leve 1 
D3-1 
33.4 
18.2 
12.3 
3.1--2.6 
13--10 
22--20 
0.61 
2.67 
108 
1. ] 6 
1. 17 
1. 53 
Third Level 0.95 
3 (h) Base Shear/ I Ip 1.** 0.70 
;=1 max I 
3 (j) Base Moment/ I Ip I.**h.*** 0.79 
;=1 max I I 
Test 
D3-2 
51.0 
27.4 
18.2 
2.7--2.2 
12--9.4 
21--20 
1. 10 
2.92 
112 
1. 13 
1. 32 
1.68 
0.67 
1. 14 
1. 40 
0.72 
0.75 
Run 
D3-3 
60.8 
29.4 
19.0 
2.7--1.9 
10--9.3 
19--18 
0.93 
2.66 
101 
1.50 
1.04 
1. 54 
0.73 
1.26 
1. 54 
0.67 
0.73 
D3-4 
83.1 
39.4 
25.3 
1.8 
11--10 
19--17 
2.14 
2.70 
117 
1. 47 
1. 44 
1. 82 
0.98 
1. 69 
2.10 
0.58 
0.71 
*One half of total displacement range in a test run. **Maximum lateral load of a level in a 
***Height of a level from the base. test run. 
<7' 
Table 6.1 Modal Characteristics of Test Frames 
Members with Uncracked Sections Members with Fu))~ Cracked Sections 
(1) No Rigid lones, No Springs (2) Rigid Zones, No Springs (3) Rigid Zones, Springs (4) No Rigid Zones, No Springs 
1st Mode 2nd Mode 3rd Mode 1st Mode 2nd Mode 3rd Mode 1st Mode 2nd Mode 3rd Mode ) s t Mode 2nd Mode 3rd Mode 
(a) Specimens 01 and 02 
Frequencies, Hz 7.23 23.8 41.5 8.19 27.7 51.6 6.61 21.9 39. I 5.02 16.7 29.5 
'" Periods, sec 0.138 0.042 0.024 O. 122 0.036 0.019 0.151 0.046 0.026 0.199 0.060 0.034 N 
Mode Shape Vectors* 
Third Level 1.256 -0.341 0.086 1.254 -0.335 0.081 1.254 -0.334 0.080 1.258 -0.343 0.085 
Second Level 0.893 0.332 -0.226 0.909 0.301 -0.210 0.910 0.295 -0.205 0.886 0.343 -0.229 
First Level 0.345 0.382 0.273 0.379 0.386 0.235 0.387 0.3R9 0.225 0.336 0.379 0.285 
(b) Specimen D3 
Frequencies, Hz 6.89 22.8 39.8 7.80 26.4 49.5 6.20 20.6 37.0 4.65 15.6 27.9 
Periods, sec 0.145 0.044 0.025 0.128 0.038 0.020 O. 161 0.049 0.027 0.215 0.064 0.036 
Mode Shape Vec,tors>" 
Third Level 1.256 -0.342 0.086 1.254 -0.336 0.082 1.255 -0.335 0.080 1.259 -0.344 0.085 
Second Level 0.892 0.334 -0.226 0.908 0.303 -0.21 I 0.908 0.298 -0.206 0.882 0.348 -0.230 
First Level 0.343 0.382 0.274 0.377 0.386 0.236 0.384 0.389 0.227 0.332 0.379 0.289 
*Mode shape vectors are normalized and multipl ied by the participation factors. 
I ~_J _J ~-~~ ~ __ .J I ._.J ! ., ~'1' I 'I t _ .... _J I _ .... __ .J i ·i ~ , __ .• _ ... J ~.- ... -..;.~ --_._--' ...... ~- .. J 
f' 
I 
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Test 
D 1-1 
Dl-2 
D1-3 
Dl-4 
D1- 5 
Dl-6 
D2-1 
D2-2 
D2-3 
D2-4 
D3-1 
D3-2 
D3-3 
D3-4 
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Table 6.2 Spectral Response of Test Frames 
(Uncracked Section, S=0.05) 
DisE1acement 2 in. Acce1eration z 
Run 1st Mode 2nd Mode 3rd Mode 1 s t Mode 2nd Mode 
(E1 Centro) 0.086 0.007 0.003 0.46 0.43 
(E1 Centro) 0.145 0.018 0.005 0.77 1 .02 
(E1 Centro) 0.232 0.021 0.003 1.24 1 .22 
(E1 Centro) 0.357 0.035 0.006 1 .92 2.03 
(E1 Centro) 0.490 0.043 0.011 2.64 2.48 
(Taft) 0.956 0.090 0.032 5.05 5.20 
(E1 Centro) 0.370 0.030 0.006 1.98 1. 70 
(E 1 Cent ro) 0.460 0.035 0.008 2.47 1.94 
(Taf t) 0.676 0.035 0.008 3.54 2.06 
(Ta f t) 0.954 0.086 0.027 4.98 4.88 
(E1 Centro) 0.276 0.018 0.006 1. 35 0.92. 
(E 1 Centro) 0.510 0.035 0.008 2.06 1 .93 
(Taft) 0.675 0.029 0.008 3.28 ] .52 
(Ta f t) 0.912 0.058 0.016 4.45 2.98 
9 
3rd Mode 
0.52 
0.87 
0.78 
1 .21 
1.97 
5.64 
1.28 
1. 47 
1. 45 
4.63 
1 .06 
1. 46 
1.37 
2.58 
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Table 6.3 Spectral Response of Test Frames 
(Fully Cracked Section, B=o.oS) 
,......... ..... : 
;; i 
Table 6.4 Comparison of the Measured Maximum Accelerations with 
the Calculated Maxima from Linear-Response Analysis 
(a) Test 01 
Calculated Maximum Acceleration, g 
Uncracked Transformed Section Full~ Cracked Section 
Measured Spectral Analysis Spectral Analysis Ea ir thq ua ke Maximum Response- Response-
Test Run Type level Acceleration! g History First Mode Abs.Sum RMS Histor:£ Fi rs t Mode Abs.Sum RMS 
3 0.74 0.59 0.58 0.77 0.60 0.89 0.79 0.98 0.80 
01-1 EI Centro 2 0.59 0.50 0.41 0.67 0.45 0.63 0.56 0.84 0.60 
I 0.37 0.32 0.16 0.46 0.27 0.29 0.21 0.54 0.31 
3 I. 10 I. 14 0.97 I. 39 1.03 I. 32 1. 18 1.54 1.21 
01-2 E'I Centro 2 0.88 0.84 0.69 1.23 0.80 0.99 0.83 1.32 0.90 
0.70 0.52 0.27 0.90 0.53 0.59 0.31 0.88 0.51 (7\ 
V1 
3 1.40 1.83 1.56 2.05 1.62 2.05 I. 82 2.30 I. 86 
01-3 Ell Centro 2 I. 10 I. 15 .1.11 I. 70 1.20 I. 35 I. 27 I. 87 1.35 
0.88 0.70 0.43 I. I I 0.67 0.79 0.48 1.17 0.70 
3 1. 50 2.90 2.41 3.20 2.50 3.12 2.66 3.31 2.71 
01-4 EI Centro 2 1.20 1. 89 I. 71 2.65 I. 85 2.05 I. 88 2.79 1.99 
0.88 I. I 8 0.66 1.77 I. 12 1.20 0.71 1.75 1.02 
3 I. 45 3.84 3.32 4.34 3.42 4.03 3.47 4.55 3.58 
01-5 EI Centro 2 1.40 2.44 2.36 3.62 2.54 2.87 2.44 3.85 2.66 
I. 10 I. 48 0.91 2.40 I. 42 1.99 0.93 2.56 I. 50 
3 2.60 9.41 6.34 8.59 6.59 5.10 5. 16 7.19 5.40 
01-6 Taft 2 I. 50 6.66 4.55 7.54 5.03 3.83 3.64 6.08 4.03 
I. 69 3.80 I. 74 5.26 3.06 3.20 I. 38 4.68 2.71 
Table 6.~ Comparison of the Measured Maximum Accelerations with 
(Contd) the Calculated Maxima from Linear-Response Analysis 
(b) Tes t 02 
Calculated Maximum Acceleration, 9 
Uncracked Transformed Section Full~ Cracked Section 
Measured Spectral Anal~sis Spectral Analysis Earthquake Maximum Response- Response-
Test Run Type Level Acceleration, 9 Histor~ First Hode Abs.Sum RHS Histor~ First Hode Abs.Sum RHS 
3 J. 61 2.97 2.49 3.18 2.58 2.96 2.76 3.51 2.83 
02-1 EI Centro 2 J. 15 J. 9~ 1.77 2.62 I. 88 2.25 1.94 2.89 2.06 
1.29 J. 20 0.68 I. 68 1.00 I. I ~ 0.74 1. 83 1.09 0" 
0" 
3 I. 50 3.56 3.10 3.89 3.17 3.59 3.27 ~.22 3.36 
02-2 EI Centro 2 J. 32 2.10 2.20 3. 17 2.32 2.68 2.30 3.58 2.48 
I. 27 I. 38 0.85 I. 99 J. 20 I. 44 0.87 2.35 J. 37 
3 J. 60 5.56 4.45 5.27 ~. 50 3.22 2.94 3.99 3.08 
02-3 Taft 2 1.24 4.03 3.16 4.17 3.26 2.74 2.06 3.32 2.28 
I. 49 2.31 1.22 2.~1 I. 51 I. 60 0.79 2.24 J. 31 
3 2.04 7.77 6.25 8.31 6.50 4.80 4.33 6.33 4.60 
02-4 Taft 2 1. 74 5.67 4.45 7.12 4.85 3.86 3.04 5.60 3.54 
2.02 3.25 1.72 4.85 2.84 2.86 I. 16 4. 15 2.42 
~ --.J ~ _____ J . ___ J 1 ~ . ____ J I _. __ .J ! . ; :...._c.:...J _----..J ~ ____ .• _..i --~.---.) 
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Table 6.4 Comparison of the Measured Maximum Accelerations with 
(Contd) the Calculated Maxima from Linear-Response Analysis 
(c) Test 03 
Calculated Maximum Acceleration! 9 
Uncracked Transformed Section Full~ Cracked Section 
Measured Spectral Anal~sis Spectral Analysis Earthquake Maximum Response- Response-
Test Run Type Level Acceleration, li! HI story First Mode Abs.Sum RMS History Firs t Mode Abs.Sum RMS 
3 1.53 I. 89 I. 70 2.10 I. 74 2.30 2.20 2.67 2.24 
03-1 EI Centro 2 I. 17 1.25 1.20 1. 75 1.26 1.59 1.55" 2. J 3 I. 6 J 
I. 16 0.76 0.47 I. 1 J 0.65 0.81 0.58 I. 24 0.76 
0' 
'-I 
3 1. 68 2.98 2.59 3.38 2.68 3.46 3.20 4.00 3 27 
03-2 El Centro 2 I. 32 1. 87 I. 84 2.81 1.98 2.32 2.25 3.29 2.38 
I I. 13 1.21 0.71 1.85 J. 10 1.44 0.84 2.03 1.21 
3 I. 54 4.69 4.12 4.76 4.15 2.04 1.98 2.82 2.10 
03-3 Taft 2 1.04 3.00 2.92 3.73 2.98 1. 76 J. 39 2.47 I. 61 
I 1.50 1.44 I. 13 2.0a 1.33 1.01 0.52 I. 75 1.04 
3 I. 82 6.45 5.59 6.73 5.67 2.88 2.76 4.06 2.96 
03-4 Taft 2 I. 44 3.93 3.97 5.54 4.14 2.14 1.94 3.68 2.31 
1.47 1.94 1. 53 3.38 2.04 2.06 0.73 2.74 1.61 
~." ... J 
Table 6.5 Comparison of the Measured Maximum Displacements with 
the Calculated Maxima from Linear-Response Analysis 
(a) Test DI 
Calculated Maximum Dis~lacementz in. 
Uncracked Transformed Section Fullt Cracked Section 
Measured Spectral Analysis Spectral Analysis Earthquake Maximum 
.C Response- Response-
Tes t Run Type Level Displacement';in. History First Hade Abs.Sum RMS History First Mode Abs.Sum 
3 0.32 0.11 0.11 0.11 0.11 0.32 0.30 0.31 
D 1-1 El Centro 2 0.23 0.08 0.08 0.08 0.08 0.22 0.21 0.22 
0.11 0.03 0.03 0.03 0.03 0.08 0.08 0.09 
3 0.53 0.19 0.18 0.19 0.18 0.47 0.45 0.46 
DI-2 El Centro 2 0.13 0.13 0.14 0.13 0.33 0.32 0.33 
0.17 0.05 0.05 0.06 0.05 0.12 0.12 0.13 
3 0.72 0.30 0.29 0.30 0.29 0.73 0.69 0.70 
DI-3 El Centro 2 0.56 0.21 0.21 0.22 0.21 0.50 0.48 0.50 
0.28 0.08 0.08 0.09 0.08 0.19 0.18 0.20 
3 1.06 0.47 0.45 0.46 0.45 1.08 1.01 1.03 
01-4 El Centro 2 0.32 0.32 0.33 0.32 0.74 0.71 0.73 
0.44 0.12 0.12 0.14 0.12 0.27 0.27 0.30 
3 I. 39 0.63 0.62 0.63 0.62 1. 40 I. 32 1. 35 
01-5 E I Centro 2 1. 17 0.43 0.44 0.45 0.44 0.96 0.93 0.97 
0.61 0.16 0.17 0.19 0.17 0.36 0.35 0.39 
3 1.92 1. 62 1. 20 1. 23 1. 20 1.92 1.92 1.99 
01-6 Taft 2 1.61 I. 14 0.86 0.89 0.86 1. 35 I. 36 1.42 
0.84 0.43 0.33 0.37 0.33 0.51 0.51 0.59 
.. One-half of the total displacement range in a test run. 
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Table 6.5 Comparison of the Measured Maximum Displacements with 
(Contd) the Calculated Maxima from Linear-Response Analysis 
(b) Test 02 
Calculated Maximum Displacement,in. 
Uncracked Transformed Section Fully Cracked S.ect ion 
Measured ~pectral Analysis Spectral Analysis Earthquake Maximum .* Response- Response-
Test Run Type Level Displacementzin. t-ll story First Mode Abs.Sum RMS Histor:l First Mode Abs.Sum RMS 
3 1.08 0.49 0.47 0.48 0.47 1. II 1.05 1.06 1.05 
02-1 El Centro 2 0.72 0.33 0.33 0.34 0.33 0.77 0.74 0.76 0.74 
1 0.39 0.12 0.13 0.14 0.13 0.29 0.28 0.31 0.28 
3 1.44 0.61 0.58 0.59 0.58 1.31 1.24 1.27 1.24 
02-2 EI Centro 2 0.98 0.42 0.41 0.42 0.41 0.91 0.88 0.91 0.88 0" U) 
0.53 0.16 0.16 0.17 0.16 0.34 0.33 0.37 0.33 
3 1.53 1.00 0.85 0.86 0.85 1. 30 1.09 1.12 1.09 
02-3 Taft 2 1.07 0.71 0.60 0.62 0.60 0.93 0.77 0.80 0.77 
I 0.59 0.27 0.23 0.25 0.23 0.35 0.29 0.37 0.29 
3 2.17 1. 41 1.20 1.23 1.20 1. 89 1.61 1.67 1. 61 
02-4 Taft 2 1.47 1.00 0.85 0.89 0.85 1.34 1. 13 1. 19 1. 13 
0.79 0.39 0.33 0.37 0.33 0.51 0.43 0.51 0.44 
* One-half of the total displacement range in a test run. 
Table 6.5 Comparison of the Measured Maximum Displacements with 
(Contd) the Calculated Maxima from Linear-Response Analysis 
(c) Test 03 
Calculated Maximum Dis~lacement!in. 
Uncracked Transformed Section Full~ Cracked Section 
Measured S~ectral Analysis Spectral Analysis Earthquake Maximum 
.C Response- Response-
Test Run Ty~e Level Ois~lacement:in. His tor~ First Mode Abs. Sum RMS History First Mode Abs.Sum RMS 
3 0.95 0.35 0.35 0.35 0.35 1.01 1.01 I. 03 1.0 I 
03-1 EI Centro 2 0.24 0.25 0.25 0.25 0.70 0.71 0.73 0.71 
0.09 0.10 0.10 0.10 0.26 0.27 0.29 0.27 
"'""-J 
0 
3 1.40 0.53 0.53 0.54 0.53 I. 46 1. 46 I. 49 I. 46 
03-2 EI Centro 2 1. 14 0.37 0.37 0.39 0.37 1.01 1.03 1.06 1.03 
I 0.67 0.14 0.16 0.15 0.15 0.37 0.39 0.42 0.39 
3 I. 54 0.90 0.85 0.86 0.85 0.90 0.91 0.94 0.91 
03-3 Taft 2 J. 26 0.63 0.60 0.61 0.60 0.64 0.64 0.67 0.64 
I 0.73 0.24 0.23 0.25 0.23 0.24 0.24 0.28 0.24 
3 2.10 1. 23 1. 14 1. 17 l. 14 1.25 1.26 1. 30 1.26 
03-4 Taft 2 J. 69 0.86 0.82 0.84 0.82 0.87 0.88 0.93 0.88 
0.98 0.32 0.31 0.34 0.32 0.33 0.33 0.39 0.33 
.,. 
One-half of the total displacement range in a test run. 
_ ...._ .. J ,~,:, .. :::::l I '1 .. ~ __ ~J !!-,;; ~j :J 
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Table 6.6 Compar i son of the Measured Ma.ximum Base Shears wi th 
the Calculated Maxima from Linear-Response Analysis 
Calculated Maximum Base Shear! ki~ 
Uncracked Transformed Section Fu11~ Cracked Section 
Measured S~ectrum Anal~sis Spectrum Anal~sis Ea rthquake Maximum Response- Response-
Test Run Type Base Shear,kip H I story First Mode Abs.Sum RMS History First Mode Abs.Sum RMS 
01-1 EI Centro 1.37 1. 19 1. 14 1.37 1. 15 1.54 1.54 1. 78 1. 55 
01-2 E1 Centro 2.00 1.92 1.92 2.41 1.96 2.30 2.28 2.71 2.30 
01-3 E1 Centro 1.99 2.96 3.09 3.64 3.12 3.49 3.49 4.04 3.52 
01-4 E1 Centro 2.72 4.67 4.78 5.69 4.85 5.06 5.15 5.94 5.19 
01-5 EI Centro 2.67 5.97 6.57 7.75 6.64 6.65 6.71 8.09 6.80 ....... 
01-6 Taft 3.01 16.75 12.6 15.2 12.8 9.43 10.0 12.5 10.1 
02-1 E1 Centro 2.78 4.82 4.94 5.74 4.98 5.43 5.32 6.19 5.36 
02-2 E1 Centro 2.91 6.05 6.15 7.06 6.20 6.37 6.31 7.43 6.46 
02-3 Taft 2.75 10.62 8.81 9.76 8.85 6.77 5.69 6.88 5.78 
02-4 Taft 2.86 15.08 12.4 14.8 12.5 9.68 8.36 10.6 8.53 
03-1 E1 Centro 2.67 3.18 3.36 3.84 3.38 4.17 4.24 4.78 4.25 
03-2 E1 Centro 2.92 4.84 5.13 6.03 5.18 5.89 6.15 7.10 6.20 
03-3 Taft 2.66 8.33 8.16 8.90 8.16 4.03 3.80 4.80 3.87 
03-4 Taft 2.70 11.2 11.1 12.5 11.1 5.37 5.30 6.85 5.44 
Table 6.7 Comparison of the Measured Maximum Base Overturning Moments 
with the Calculated Maxima from Linear-Response Analysis 
Calculated Maximum Base Moment! kiE-in. 
Uncracked Transformed Section Fully Cracked Section 
Measured SEectral Analysis SEectral Analysis Earthquake Maximum Response- Response-
Test Run Ty~e Base Moment, kiE-in. History First Mode Abs.Sum RMS Hi~tQr!l First Mode Abs.Sum RHS 
01-1 EI Centro 54.4 45.2 46.9 46.9 46.9 65.9 63.6 64.7 63.6 
01-2 EI Centro 81.4 78.4 77.5 78.6 77.5 97.9 94.0 95.9 94.0 
01-3 EI Centro 74.9 127 125 126 125 150 144 146 144 
01-4 EI Centro 105 198 193 195 193 222 212 215 212 ""-J 
"-> 
01-5 EI Centro 106 266 266 269 266 288 277 283 277 
01-6 Taft 132 692 508 513 508 398 412 423 412 
02-1 E I Centro 109 206 199 201 199 228 220 224 220 
02-2 EI Centro 109 259 240 242 240 270 261 266 261 
02-3 Taft 103 431 356 358 356 270 234 239 234 
02-4 Taft 125 608 501 507 501 393 345 255 345 
03-1 EI Centro 108 135 136 137 136 178 176 177 176 
03-2 E I Centro 112 206 206 208 206 257 256 258 256 
03-3 Taft 101 352 330 332 330 161 158 160 158 
03-4 Taft I 17 478 448 451 448 221 220 225 220 
~_ .. ~J I j ! i .} I ; ._! ~ 
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Table 6.8 Comparison of Response at the Formation of the Mechanism 
S~ecimens 01 and 02 SEecimen 03 
DisElacement! in. Base Dis E 1 a c em e nt, in. Base 
Force Distribution 1 s t Leve 1 2nd Level 3rd Level Shear,kip 1st Level 2nd Level 3rd Level Shea r, kip 
(a)Uniform Distribution 
Without Rigid Joints 0.260 0.494 0.601 1.92 0.297 0.568 0.699 1. 79 
With Rigid Joints 0.257 0.477 0.567 2.03 0.290 0.543 0.658 1.91 
(b)Triangular Distribution 
Without Rigid Joints 0.279 0.568 0.729 1 . 73 0.314 0.650 0.836 1. 62 
o........J 
With Rigid Joints 0.279 0.559 . 0.706 1. 85 0.315 0.631 0.802 1 .73 w 
Tab I e 7. I Effect of Idealized Structural Characteristics on Calculated 
Maximum Structural Response (Nonlinear Analysis) 
......... 
Standard Framel~ Eguivalen~ Inelastic SQrings No Rigid No Bi linear 
C ,~,bO 0 CI # 0.0 CI = 0.0 CI # 0.0 Infl~ctiQO PQiot Zones in Rotational Rotational Structural Response C~'~*=O :0 C2 = 0.0 C2 ~ 0.0 C2 ~ 0.0 Variable Fixed Joint Cores Springs Springs 
Maximum Acceleration, g 
Third Level 1. 43 1. 30 1.34 1. 31 1. 44 1. 48 I. 42 I. 42 I. 39 
Second Level I. 19 I. 10 1. 07 1.05 I. 49 I. 16 I. 19 I. 30 l. 14 
First Level 1.03 I. 10 0.92 1.05 I. 28 1.09 1. 32 I. 32 I. 10 
Maximum Displacement, in. 
Thi rd level 1. 18 1.02 1. 12 1.05 1. 30 J. 19 J. 40 0.94 J. 19 '-J ..t:-
Second Level 0.96 0.82 0.93 0.84 1.08 0.97 I. 13 0.81 0.97 
First Level 0.47 0.38 0.46 0.39 0.48 0.48 0.54 0.41 0.48 
Maximum Base Shear, kip 2.66 2.48 2.61 2.47 2.66 2.65 2.54 2.70 2.65 
Maximum Base Moment, kip-in. 95.0 91.8 95.4 92.6 95.8 95.5 89.3 91.7 94.8 
"i': 
The idealized frame with rigid zones in joint cores and rotational springs (simplified Takeda's hysteresis)at ends of the frame members. 
** Constants to define the damping matrix Ic] C1 [H] + C2 [K]. 
*,~* Inelastic deformations are lumped in rotations of the inelastic springs at ends of the frame members. 
~",.~ ~ .. ~.J __ ~1 ;. ___ J ~zr 1 1 ........ ...1 J . __ J I '1 I -.-~.-! l ... : __ .. -l .. - .. - .. ~ 
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Table 7.2 Effect of Idealized Structural Characteristics on Calculated Maximum Member Response (Nonlinear Analysis) 
Standard Frame**** 
C ***=0.0 CI f. 0.0 CI = 0.0 CI -# 0.0 Member Response c~**;,;=o.o C2 = 0.0 C2 f. 0.0 C2 -# 0.0 
Maximum Moment, kip-in. 8.69 8.49 8.57 
Third-Level Beam Dma~' x 10- 4 In./in. 2.55 2.48 2.51 
Deflection Coefficient** 0.88 0.86 0.87 
Maximum Moment, kip-in. 10.52 10.37 10.47 
Second-Level Beam D'" 10-4 . /' max' x In. In. 8 .. 49 7.51 8.17 
Deflection Coefficient** 2.94 2.60 2.83 
Maximum Moment, kip-in. 11.73 11.34 11.65 
First-Level Beam D * 10- 4 . /' max' x In. In. 16.50 13.90 15.96 
Deflection Coefflcient** 5.71 4.81 5.52 
Maximum Moment, kip-in. 8.38 8.19 8.29 
Top D;'; 10-4 . I' max' x In. In. 5.76 4.05 4.96 
Third-Level Column Deflection Coefficient** 1.51 1.06 1. 30 
Maximum Moment, kip-in. 3.07 3.36 3.37 
D *, x 10- 4 in./in. Bottom 1.05 1.22 1.22 
max 
Deflection Coefficient** 0.28 0.32 0.32 
Maximum Moment, kip-in. 9.50 9.19 9.31 
Top D * 10- 4 . /' max' x In. In. 11.68 9.02 10.07 
Second-Level Column Deflection Coefficient** 2.98 2.30 2.57 
Maximum Moment, kip-in. 6.67 6.05 5.78 
Bottom D *, x 10-4 in./in. 2.89 2.56 2.41 
max 
Deflection Coefficient** 0.74 0.65 0.62 
Maximum Moment, kip-in 6.79 6.09 6.39 
Top D * 10-4 . /' max' x In. In. 2.84 2.47 2.63 
First-Level Column Deflection Coefficient** 0.71 0.62 0.66 
Maximum Moment, kip-in. 12.13 11.22 11. 71 
Bottom D'" 10-4 . /' max' x In. In. 29.34 21.92 25.97 
Deflection Coefficient** 7.30 5.46 6.48 
* 
i':* 
,~*,,: 
Calculated maximum free-end displacement of a unit length cantilever 
Calculated maximum deflection divided by the yeild deflection of a cantilever. 
Constants to define the damping matrix [C] = C1 [M] + C2[K]. 
8.50 
2.48 
0.86 
10.40 
7.70 
2.66 
11.40 
14.28 
4.94 
8.21 
4.29 
1. 13 
3.26 
1. 16 
0.30 
9.22 
9.28 
2.37 
6.08 
2.58 
0.66 
6.11 
2.48 
0.62 
11.40 
23.46 
5.85 
***** Eguivalent Inelastic SErings No Rigid No 
Inflection Point Zones in Rotational 
Variable Fixed Jo i nt Cores Springs 
8.64 8.82 8.32 8.58 
3.70 3.80 2.42 2.51 
0.88 0.90 0.84 0.87 
10.60 10.74 10.55 10.58 
11.03 12.07 8.68 8.88 
2.62 2.86 3.00 3.07 
11.84 11.78 11.68 II. 65 
20.09 19.65 16.12 15.93 
4.95 4.65 5.59 5.51 
8.29 8.47 8.32 8.41 
6.89 8.62 5.28 6.09 
1.23 1.55. 1.39 1.60 
4.52 3.38 4.35 2.71 
2.71 1.81 1. 75 0.86 
0.49 0.32 0.46 0.23 
10.31 9.44 9.88 9.69 
21. 71 13.58 15.00 13.28 
3.79 2.37 3.83 3.39 
6.22 5.93 7.68 6.82 
3.89 3.66 3.43 2.97 
0.68 0.64 0.88 0.76 
7.15 6.38 7.70 7.23 
4.43 3.84 3.32 3.07 
0.75 0.66 0.83 0.77 
12.18 12.18 11. 98 11.97 
33.75 33.75 28.16 28.08 
5.76 5.76 7.02 7.00 
**'i~* The idealized frame with rigid zones in joint cores and rotational springs (simpl ified Takeda's hysteresis) at ends of the frame members. 
,,<**,,<* Inelastic deformations are lumped in rotations of the inelastic springs at ends of the frame members. 
Bilinear 
Ratat iana I 
Springs 
8.71 
2.55 
0.88 
10.53 
8.58 
2.97 
11.76 
16.64 
5.76 
8.39 
5.88 
1.54 
3. IS '.J 
\n 
1. 10 
0.29 
9.50 
II. 71 
2.99 
6.03 
2.55 
0.65 
6.36 
2.61 
0.65 
12.07 
28.80 
7.18 
;;.1 
.... ~
Table 7.3 Test DI. Measured and Calculated (Nonlinear Analysis) Maximum Response 
Maximum Acceleration l 9 Maximum DisElacement ,* in. Max. Base Max. Base 
Test Run Response Firs t Leve 1 Second Level Third Level First Level Second Level Third Level Shear, kip Moment, kip-in. 
Measured 0.37 0.59 0.74 o. I I 0.23 0.32 I. 37 54.4 
Dl-l Calculated (6**=0.0) 0.41 0.57 0.61 0.074 0.16 0.21 1.46 53.3 
Calculated (6=0.02) 0.33 0.45 0.53 0.051 0.12 0.15 1.14 43.0 
Measured 0.70 0.88 I. 10 0.17 0.53 2.00 81.4 
01-2 Calculated (6=0.0) 0.58 0.79 1.01 0.104 0.24 0.33 1. 71 72.4 
Calculated (8=0.02) 0.49 0.68 0.90 0.100 0.23 0.31 1. 76 70.3 
Measured 0.88 1. 10 I. 40 0.28 0.56 0.72 1.99 74.9 
01-3 Calculated (8=0.0) 1. 19 1.03 1. 31 0.22 0.45 0.56 2.12 78.2 
Calculated (8=0.02) 0.73 0.81 1.09 0.22 0.43 0.55 2.04 79.3 
Measured 0.88 1.20 1. 50 0.44 1.06 2.72 lOS 
01-4 Calculated (13=0.0) 1.27 1.28 1. 46 0.42 0.85 1.05 2.55 94 
Calculated (13=0.02) 0.97 1.06 1. 32 0.40 0.81 1. 00 2.57 95 
Measured I. 10 1.40 1.45 0.61 1. 17 1. 39 2.67 106 
01-5 Calculated (13=0.0) 1.20 1.33 1. 71 0.60 1.23 1. 52 2.69 110 
Calculated (6=0.02) 1.03 1.20 1. 65 0.56 I. 17 I. 45 2.82 113 
Measured 1.69 1. 50 2.60 0.84 I. 61 1. 92 3.01 132 
01-6 Calculated (13=0.0) 2.12 I. 78 1.93 0.74 I. 62 2.18 2.93 126 
Calculated (8=0.02 2.20 1.55 1.94 0.72 1.66 2.18 2.91 127 
Note: The idealized frame with rigid zones in joint cores and rotational springs to represent bond slip of the reinforcement at ends of the 
,~ 
** 
~~j 
frame members. 
One-half of total displacement range. 
Damping factor for the first mode at the initial elastic stage. 
~.~.j . \ L_--? _._--j I I :.. __ ..... i i ; .. ~_...J c~ ___ .J ~----- -~) _____ .J 
-.....J 
0" 
"':1;" r 
Table 7.4 Test D2. Measured and Calculated (Nonlinear Analysis) Maximum Response 
Maximum Acceleration! 9 Maximum Diselacement!* in. Max. Base Max. Base 
Test Run Response First Level Second Level Third Level First Level Second Level Third Level Shear, ki p Moment, kip-in. 
Measured 1.29 I. 15 1. 61 0.39 0.72 1.08 2.78 109 
D2-1 Calculated (S**=O.O) 1.03 1. 19 1.43 0.41 0.83 1.04 2.66 95 
Calculated (S=0.02) 0.92 1.07 1.34 0.39 0.80 0.99 2.61 95 
Measured 1.27 I. 32 1.50 0.53 0.98 1.44 2.91 109 
D2-2 Calculated (S=O.O) I. 48 I. 36 1. 87 0.53 I. 10 1.39 2.61 107 '-I 
'-I 
Calculated (S=0.02) 1. 16 I. 14 1.58 0.51 1.06 1.32 2.70 105 
Measured 1.49 1.24 1.60 0.59 1.07 1.53 2.75 103 
D2-3 Calculated (S=O.O) 1.22 1. 44 1. 79 0.52 1.09 1. 36 2.67 100 
Calculated (S= 0.02) 1.08 1. 44 1. 73 0.50 1.05 1.29 2.61 99 
Measured 2.02 1. 74 2.04 0.79 1.47 2.17 2.86 125 
D2-4 Calculated (S=O.O) 1.97 1.77 2.00 0.69 1. 48 1. 88 2.74 1t3 
Calculated (s= 0.02) 2.03 1. 59 1. 79 0.71 1. 51 1. 91 2.73 111 
Note: The idealized frame with rigid zones in joint cores and rotational springs to represent bond slip of the reinforcement at ends of the 
frame members. 
;': One-half of total displacement range. 
** Damping factor for the first mode at the initial elastic stage. 
__ J 
Table 7.5 Test 03. Measured and Calculated (Nonlinear Analysis) Maximum Response 
Maximum Acceleration, 9 Maximum Dis~lacement!* in. Max. Base Max. Base 
Test Run Response Firs t Leve I Second Leve I Third Level First Level Second Level Third Level Shear, kip Moment, kip-in. 
Measured 1. 16 I. 17 1. 53 0.95 2.67 108 
03-1 Calculated (6**=0.0) 0.98 1.00 1. 34 0.28 0.65 0.86 2.34 86 
Calculated (6=0.02) 0.65 0.92 J. 22 0.24 0.55 0.73 2.29 87 
Measured J. 13 I. 32 1. 68 0.67 1. 14 1.40 2.92 112 
03-2 Calculated (6=0.0) I. 19 1. 37 1. 64 0.50 1.09 J. 40 2.79 105 
Calculated (6=0.02) 0.87 1. 21 1. 59 0.47 1.05 I. 34 2.65 105 
Measured 1.50 1.04 1.54 0.73 1.26 1. 54 2.66 101 
03-3 Calculated (6=0.0) 1. 17 I. 40 1. 65 0.46 1.06 1. 36 2.49 98 
Calculated (6=0.02) 0.91 1. 29 1. 58 0.47 1.04 1. 32 2.57 100 
Measured 1. 47 1. 44 1.82 0.98 1.69 2.10 2.70 117 
03-4 Ca I culated (6=0.0) 1. 52 1. 62 1.77 0.60 I. 39 I. 82 2.71 106 
Calculated (6=0.02) l. 66 1. 53 1. 73 0.59 1.37 1.82 2.73 109 
Note: The idealized frame with rigid zones in joint cores and rotational springs to represent bond slip of the reinforcement at ends of the 
frame members. 
* One-half of total displacement range. 
*,~ 
Damping factor for the first mode at the initial elastic stage. 
I I ~.~_:.....J ~._._._J I ~. ____ 1 ____ . .1 
--... ! ..... 
'.J 
ex> 
1;:" 
1~·;.' 
Tes t Run 
01-1 
01-2 
01-3 
01-4 
01-5 
01-6 
Response 
Maximum Moment, kip-in. 
o * 10-4 . /" ma~' x In. In. 
Deflection Coefficient** 
Maximum Moment, kip-in. 
D
max
' x 10-4 in./in. 
Deflection Coefficient 
Maximum Moment, kip-in. 
D
max
' x 10-4 in./in. 
Deflection Coefficient 
Maximum Moment, kip-in. 
D
max
' x 10-4 in./in. 
Deflection Coefficient 
Maximum Moment, kip-in. 
o ,x 10-4 in./in. 
max 
Deflection Coefficient 
Maximum Moment, kip-in. 
D
max
' x 10-4 in./in. 
Deflection Coefficient 
Table 7.6 
First Level 
7.99 
2.30 
0.80 
9.74 
3.34 
1. 16 
10.34 
7.29 
2.52 
11.55 
15.31 
5.30 
13.05 
25.18 
8.70 
14.06 
31.86 
11.03 
Tes t 01. Calculated Maximum Member Response (No Damping) 
Beam Flrst~Story Column Second-Story Column 
Second Level Third Level Top Bottom Top Bottom 
6.08 3.35 3.55 7. II 4.55 3.38 
J. 63 0.67 1. 13 3.01 1. 76 1.13 
0.56 0.23 0.28 0.75 0.45 0.29 
9.11 5.05 4.15 9.01 5.89 5.37 
2.70 1.27 1.45 4.03 2.47 2.19 
0.93 0.44 0.36 1.01 0.63 0.56 
9.90 6.74 5.71 9.84 8.17 5.40 
4.40 1.86 2.27 10.74 3.69 2.21 
1.52 0.64 0.57 2.68 0.94 0.56 
10.55 8.70 6.90 12.51 9.30 6.71 
8.68 2.55 2.90 32.41 10.00 2.91 
3.00 0.88 0.72 8.09 2.55 0.74 
11.59 9.72 6.70 12.67 9.89 8.24 
15.58 3.21 2.79 33.78 15.02 3.73 
5.39 I. II 0.70 8.42 3.86 0.95 
13.54 10.91 8.37 14.46 11.40 10.07 
28.44 11.09 3.67 31.69 27.92 16.54 
10.20 3.84 0.92 7.90 7.12 4.23 
r ,. r 
I 
Third-Story Column 
Top Bottom 
3.19 1.55 
1. 12 0.36 
0.29 0.09 
4.73 2.36 
1.96 0.67 
0.51 0.18 
6.40 3.59 
2.85 I. 34 
0.75 0.35 
8.39 3.37 
5.90 1.22 
1. 55 0.32 
9.31 3.49 
14.13 1. 28 
3.71 0.34 
10.46 5.70 
24.39 2.47 
6.40 0.65 
Note: The idealized frame with rigid zones in joint cores and rotational springs to represent bond slip of the reinforcement at ends of the 
frame members. 
* 
, Calculated maximum free-end displacement of a unit length cantilever . 
...... 
Calculated maximum deflection divided by the yield deflection of a cantilever. 
r ~ ..... r--"-
"'-J 
\D 
Table 7.7 Test D2. Calculated Maximum Member Response (No Damping) 
Beam Fir5t-Sto~ Column Second-Story Column Third-Story Column 
Test Run Response First Level Second Level Third Level Top Bottom Top Bottom Top Bottom 
Maximum Moment, kip-in. 11.73 10.52 8.70 6.79 12.13 9.50 6.67 8.38 3.07 
D2-1 D . 10- 4 . I' max'" x In. In. 16.50 8.49 2.55 2.84 29.34 11.68 2.89 5.76 1.05 
Deflection Coefficient** 5.71 2.94 0.88 0.71 7.31 2.98 0.74 1. 52 0.28 
Maximum Moment, kip-in. 12.98 11.59 9.47 7.21 12.32 9.73 6.97 9.18 4.61 
D2-2 10- 4 . I' 24.75 15.52 2.82 3.06 30.86 13.64 3.05 12.94 1. 89 Dmax ' x In. In. 
Deflection Coefficient 8.56 5.38 0.98 0.76 7.65 3.48 0.78 3.40 0.50 g: 
Maximum Moment, kip-in. 12.71 10.91 9.10 6.90 12.44 10.06 8.61 8.61 4.18 
D2-3 D
max
' x 10-4 in./in. 22.95 11.09 2.69 2.90 31.91 16.43 4.06 7.83 1. 66 
Deflection Coefficient 7.95 3.84 0.93 0.72 7.95 4.20 1.04 2.06 0.44 
Maximum Moment, kip-in. 13.40 12.08 9.90 7.75 13.12 11.01 8.67 9.57 5.14 
D2-4 10-4 . /' Dmax ' x In. In. 27.49 18.80 4.38 3.35 37.40 24.55 4.65 16.49 I. 88 
Deflection Coefficient 9.51 6.50 1.52 0.84 9.32 6.26 1. 19 4.34 0.49 
Note: The idealized frame with rigid zones in joint cores and rotational springs to represent bond slip of the reinforcement at ends of the 
frame members . 
.- Calculated maximum free-end displacement of a unit length cantilever. 
;~;': 
Calculated maximum deflection divided by the yield deflection of a cantilever. 
u _._.j _. __ J _______... .I : j :1 -_._.j I 1 1 \ I ;" " ._--j I I .i __ . ..-...l .. -;' -._..J ~ __ _ ..i-_.~l 
r ...... ," r'-" 
i 
Table 7.8 Test 03. Calculated Maximum Member Response (No Damping) 
Beam First-Stor~ Column Second-Sto~ Column Third-Stor~ Column 
Test Run Response First Level Second Level ThIrd Level Top Bottom Top .Bottom Top Bottom 
Maximum Moment, kip-in. 10.24 9.65 8.16 5.24 10.16 8.48 5.90 7.83 3.46 
03-1 o *, x 10- 4 in./in. 12.06 8.30 2.92 
max 
2.32 17.04 6.86 2.82 4.80 1.50 
Deflection Coefficient** 3.76 2.58 0.91 0.54 4.00 1.66 0.68 1. 18 0.37 
Maximum Moment, kip-in. 11.89 10.70 9.10 5.52 11.85 9.15 8.17 8.71 3.90 
03-2 D
max
' x 10-4 in./in. 22.63 15.01 4.73 2.49 30.53 12.46 4.23 12.53 1. 76 
Deflection Coefficient 7.06 4.68 1.47 0.58 7.15 3.00 1.02 3.09 0.43 
Maximum Moment, kip-in. 11.74 10.33 8.95 5.10 11.62 9.90 7.27 8.55 3.51 CO 
03-3 D
max ' x 10-
4 in./in. 21.68 12.66 3.81 2.24 28.72 18.72 3.63 11.13 1. 53 
Deflection Coefficient 6.75 3.94 I. 19 0.53 6.74 4.51 0.87 2.74 0.38 
Maximum Moment, kip-in. 12.24 11.34 9.63 6.28 12.48 9.83 8.27 9.20 4.52 
03-4 D
max
' x 10-4 in./in. 24.87 19.13 8.17 2.93 35.55 18.18 5.08 16.90 2.13 
Deflection Coefficient 7.75 5.96 2.54 0.69 8.34 4.38 1.22 4.16 0.52 
Note: The idealized frame with rigid zones in joint cores and rotational springs to represent bond slip of the reinforcement at ends of the 
frame members. 
* Calculated maximum free-end displacement of a unit length cantilever. 
** Calculated maximum deflection divided by the yield deflection of a cantilever. 
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(c) After Test Run Dl-3 
Fig. 5.26 (Contd) Crack Patterns Observed in Test D1 
238 
\ 
(d) After Test Run D1-4 
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(e) After Test Run D1-5 
Fig. 5.26 (Contd) Crack Patterns Observed in Test D1 
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Fig. 5.37 (Contd) Crack Patterns Observed in Test 02 
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(e) After Test Run 02-4 
Fig. 5.37 (Contd) Crack Patterns Observed in Test 02 
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Fig. 5.44 (Contd) Observed Response, Test Run 03-1 
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Fig. 5.46 Observed Response, Test Run 03-3 
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First-Level Displacement" in. 
(a) Frame Type for Tests Dl and D2 
C.2 0.4 0.6 0.8 
First-Level Displacement, in. 
(b) Frame Type for Test D3 
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Fig. 7.3 Effect of Model inO InelAstic-Deformation Characteristics 
of Members (Equal Loads at All Levels) 
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• Frame wi th ri gi d jo i nt cores and 
rotational springs 
A Frame with inelastic deformations 
1 umped at jo i nts 
Open symbols before yielding in any member 
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(a) Frame Type for Tests D1 and D2 
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Fig. 7.4 Effect of Modeling Inelastic-Deformation Characteristics 
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• Frame Type for Tests 01 and 02 
A Frame Type for Test 03 
Open symbols before yielding in any member 
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First-Level Displacement, in. 
(a) Uniform Force Distribution 
0.8 
Frames with rigid joint cores and 
rotational springs 
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First-Level Displacement, in. 
(b) Triangular Force Distribution 
Fig. 7.5 Calculated Base Shear vs. First-
Level Displacement Curves 
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• Calculated (Uniform Loads) 
" 
Calculated (Triangular Loads) 
I Meas u red 
0.4 0.6 0.8 
First-Level Dis p 1 a c emen t , in. 
(a) Tes ts D1 and D2 
Frames with rigid joint cores and 
rotational springs 
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First-Level Displacement, in. 
(b) Tes t D 3 
0.8 
Fig. 7.6 Comparison of Calculated (Static Analysis) 
and Measured Base Shear 
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I 
I I I 
Calculated (Uniform Loads) 
Calculated (Triangular Loads) 
Measured 
0.4 0.6 0.8 
First-Level Displacement, in . 
(a ) T es t sOl and 02 
I 
Frames with rigid joint cores 
and rotational springs 
0.6 
First-Level Displacement, 
(b) Test 03 
0.8 
in. 
I 
Fig. 7.7 Comparison of Calculated (Static Analysis) and 
Measured Base Moment 
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Fig. 7.8 Comparison of Calculated Displacements at the Three Levels (Equal Loads at All Levels) 
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Fig. 7.9 Comparison of Calculated Displacements at the Three Levels (Triangular Load Distribution) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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Time, Sec 
Fig. 7.10 Test Run Dl-1. Calculated Response 
(Standard Frame, 8 = 0.0) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
2 3 4 5 6 7 8 9 10 
Time, sec 
Fig. 7.10 (Contd) Test Run 01-1. Calculated Response 
(Standard Frame, S = 0.0) 
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(g) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(j) Third-Level Displacement, in. 
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Time, sec 
Fig. 7.10 (Contd) Test Run 01-1. Calculated Response 
(Standard Frame, a = 0.0) 
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(a) Measured Base AcceleratIon, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
2 3 4 5 6 7 8 9 
Time, sec. 
Fig. 7.11 Test Run 01-1. Calculated Response 
(Standard Frame, S = 0.02) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
2 3 5 6 7 8 9 10 
Time, sec 
Fig. 7.11 (Contd) Test Run 01-1. Calculated Response 
Standard Frame, S = 0.02) 
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(9) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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Time, sec 
Fig. 7.11 (Contd) Test Run D1-1. Calculated Response 
Standard Frame, S = 0'.02) 
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(a) Measured Base Acceleration, 9 
(b) Ba s e Shea r, kip 
(c) Base Moment, kip-in. 
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Time, sec 
Fig. 7.12 Test Run 01-2. Calculated Response 
(Standard Frame, S = 0.0) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Time, sec 
Fig. 7.12 (Contd) Test Run 01-2. Calculated Response 
(Standard Frame, S = 0.0) 
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(g) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(j) Third-Level Displacement, in. 
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Time, sec 
Fig. 7.12 (Contd) Test Run 01-2. Calculated Response 
(Standard Frame, S = 0.0) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
2 3 4 5 6 7 9 10 
Time, sec 
Fig. 7.13 Test Run 01-2. Calculated Response 
(Standard Frame, S = 0.02) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Time, sec 
Fig. 7.13 (Contd) Test Run Dl-2. Calculated Response 
(Standard Frame, S = 0.02) 
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Fig. 7.13 (Contd) 
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(9) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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Test Run 01-2. Calculated Response 
(Standard Frame, S = 0.02) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Ba s e Momen t, kip - in. 
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Time, sec 
Fig. 7.14 Test Run Dl-3. Calculated Response 
(Standard Frame, S = 0.0) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Time, sec 
Test Run Dl-3. Calculated Response 
(Standard Frame, S = 0.0) 
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(g) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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Time, sec 
Fig. 7.14 (Contd) Test Run 01-3. Calculated Response 
(Standard Frame, S = 0.0) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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Fig. 7.15 Test Run Dl-3. Calculated Response 
(Standard Frame, S = 0.02) 
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(d) Fi rst-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Time, sec 
Fig. 7.15 (Contd) Test Run Dl-3. Calculated Response 
(Standard Frame, S = 0.02) 
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(9) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third Level Displacement, in. 
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Time, sec 
Fig. 7.15 (Contd) Test Run 01-3. Calculated Response 
(Standard Frame. S = 0.02) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
2 3 4 5 6 7 8 9 10 
Time, sec 
Fig. 7.16 Test Run Dl-4. Calculated Response 
(Standard Frame, S = 0.0) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Time, sec 
Fig. 7.16 (Contd) Test Run 01-4. Calculated Response 
(Standard Frame, S = 0.0) 
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(g) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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Time, sec 
Fig. 7.16 (Contd) Test Run 01-4. Calculated Response 
(Standard Frame, S = 0.0) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-In. 
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Test Run D1-~. Calculated Response 
(Standard Frame, S = 0.02) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
2 3 4 5 6 7 8 9 10 
Time, sec 
Fig. 7.17 (Contd) Test Run Dl-4. Calculated Response 
(Standard Frame, S = 0.02) 
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(9) First-Level Displacement, ie, 
(h) Second-Level Displacement, in. 
(j) Third-Level Displacement, in. 
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Time, sec 
Fig. 7.17 (Contd) Test Run 01-4. Calculated Response 
(Standard Frame, S = 0.02) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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Fig. 7.18 Test Run 01-5. Calculated Response 
(Standard Frame, B = 0.0) 
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Fig. 7. 18 (Contd) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Test Run 01-5. Calculated Response 
(Standard Frame, S = 0.0) 
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(9) First-Level Displacement, in. 
(h) Second-Level Displacement, In. 
(i) Third-Level Displacement, in. 
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Fig. 7.18 (Contd) Test Run Dl-5. Calculated Response 
(Standard Frame, S = 0.0) 
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(a) Measured Base Acceleration, 9 
(b ) Ba s e Shea r, kip 
(c) Base Moment, kip-in. 
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Time, sec 
Fig. 7.19 Test Run 01-5. Calculated Response 
(Standard Frame, S = 0.02) 
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Fig. 7.19 (Contd) Test Run Dl-5. Calculated Response 
(Standard Frame, S = 0.02) 
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Fig. 7.19 (Contd) 
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(9) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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Test Run 01-5. Calculated Response 
(Standard Frame, B = 0.02) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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Fig. 7.20 Test Run Dl-6. Calculated Response 
(Standard Frame, S = 0.0) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Time, sec 
Fig. 7.20 (Contd) Test Run 01-6. Calculated Response 
(Standard Frame, S = 0.0) 
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(g) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displaceme t, in. 
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Fig. 7.20 (Contd) Test Run 01-6. Calculated Response 
(Standard Frame, B = 0.0) 
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Fig. 7.21 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, ki p- in. 
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Test Run 01-6. Calculated Response 
(Standard Frame, S = 0.02) 
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Fig. 7.21 (Contd) Test Run Dl-6. Calculated Response 
(Standard Frame, S = 0.02) 
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(9) Fi rst-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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Fig. 7.21 (Contd) Test Run 01-6. Calculated Response 
(Standard Frame, S = 0.02) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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Fig. 7.26 Test Run 02-1. Calculated Response 
(Standard Frame, C1 = C2 = 0.0) 
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( 9 ) Fir s t - Level Dis p 1 a c eme nt, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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Fig. 7.26 (Contd) Test Run 02-). Calculated Response 
(Standard Frame, C, = C2 = 0.0) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, ki p 
(c) Base Moment, kip-in. 
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Fig. 7.27 Test Run 02-1. Calculated Response 
(Standard Frame, C1 = 0.0, C, # 0.0) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Fig. 7.27 (Contd) Test Run 02-1. Calculated Response 
(Standard Frame, Cl = 0.0, C2 ~ 0.0) 
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(g) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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Fig. 7.27 (Contd) Test Run 02-1. Calculated Response 
(Standard Frame, Cl = 0.0, C2 ~ 0.0) 
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(a) Measured Base Acceleration, 9 
(b) Ba s e Shea r, kip 
(c) Base Moment, kip-in. 
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Time, sec 
Fig. 7.28· Test Run 02-1. Calculated Response 
(Standard Frame, C1 ~ 0.0, C2 = 0.0) 
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Fig. 7.28 (Contd) Test Run 02-1. Calculated Response 
(Standard Frame, C1 # 0.0, C2 = 0.0) 
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Fig. 7.28 (Contd) Test Run 02-1. Calculated Response 
(Standard Frame, C1 # 0.0, C2 = 0.0) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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Test Run 02-1. Calculated Response 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Fig. 7.29 (Contd) Test Run 02-1. Calculated Response 
(Standard Frame, Cl # 0.0, C2 ~ 0.0) 
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(9) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(j) Third-Level Displacement, in. 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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Time, sec 
Fig. 7.30 Test Run 02-1. Calculated Response (Standard Frame, 
Cl = C2 = 0.0, Inelastic Deformation Lumped at Member Ends, Variable Inflection Point) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Test Run 02-1. Calculated Response (Standard Frame, 
Cl = C2 = 0.0, Inelastic Deformation Lumped at Member Ends, Variable Inflection Point) 
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(g) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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(a) Measured Base Acceleration, 9 
(b ) Ba s e Shea r, kip 
(c) Base Moment, kip-in. 
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Fig. 7.31 Test Run D2-1. Calculated Response (Standard Frame, 
C1 = C2 = 0.0, Inelastic Deformation Lumped at Member Ends, Fixed Inflection Point) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Test Run 02-1. Calculated Response (Standard Frame, 
C1 = C2 = 0.0, Inelastic Deformation Lumped at Member Ends, Fixed Inflection Point) 
12 13 
0.40 
0.0 
-0.40 
0.60 
0.0 
-0.60 
1.00 
0.0 
-1.00 
o 
Fig. 7.31 
(Contd) 
2 
392 
(9) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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Test Run 02-1. Calculated Response (Standard Frame, 
Cl = C2 = 0.0, Inelastic Deformation Lumped at Member Ends, Fixed Inflection Point) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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Time, sec 
Fig. 7.32 Test Run D2-1. Calculated Response (Standard Frame, 
C1 = C2 = 0.0, No Rigid Zone in Joint Core) 
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Fig. 7.32 Test Run 02-1. Calculated Response (Standard Frame, 
(Contd) Cl = C2 = 0.0, No Rigid Zone in Joint Core) 
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(g) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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Fig. 7.33 Test Run D2-1. Calculated Response (Standard Frame, 
C1 = C2 = 0.0, No Rotational Springs) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Test Run 02-1. Calculated Response (Standard Frame, 
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(g) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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Test Run 02-1. Calculated Response (Standard Frame, 
Cl = C2 = 0.0, BilInear Rotational Springs) 
12 13 
1.00 
0.0 
-1.00 
1.00 
0.0 
-1.00 
1.00 
0.0 
-1.00 
o 2 
Fig. 7.34 
(Contd) 
400 
(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Thi rd-Level ftcce1eration, 9 
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Test Run 02-1. Calculated Response (Standard Frame, 
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(g) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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Test Run 02-1. Calculated Response (Standard Frame, 
Cl = C2 = 0.0, Bilinear Rotational Springs) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip' 
(c) Base Moment, kip-in. 
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Fig. 7.35 Test Run 02-2. Calculated Response 
(Standard Frame, S = 0.0) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Fig. 7.35 (Contd) Test Run 02-2. Calculated Response 
(Standard Frame,' S = 0.0) 
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(9) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) ThIrd-Level Displacement, in. 
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Fig. 7.35 (Contd) Test Run 02-2. Calculated Response 
(Standard Frame, S = 0.0) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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Fig. 7.36 Test Run D2-2. Calculated Response 
(Standard Frame, S = 0.02) 
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Fig. 7.36 (Contd) 
406 
(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Time, sec 
Test Run D2-2. Calculated Response 
(Standard Frame, S = 0.02) 
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(g) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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Fig. 7.36 (Contd) Test Run 02-2. Calculated Response 
(Standard Frame, S = 0.02) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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Fig. 7.37 Test Run 02-3. Calculated Response 
(Standard Frame, S = 0.0) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Time, sec 
Fig. 7.37 (Contd) Test Run 02-3. Calculated Response 
(Standard Frame, S = 0.0) 
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(g) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(j) Third-Level Displacement, in. 
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Fig. 7.37 (Contd) Test Run 02-3. Calculated Response 
(Standard Frame, S = 0.0) 
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(a) Measured Bnse Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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Fig. 7.38 Test Run D2-3. Calculated Response 
(Standard Frame, B = 0.02) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Time, sec 
Fig. 7.38 (Contd) Test Run D2-3. Calculated Response 
(Standard Frame, S = 0.02) 
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(9) First-Level Displacement, In. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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Fig. 7.38 (Contd) Test Run 02-3. Calcu1ated Response 
(Standard Frame, S = 0.02) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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Fig. 7.39 Test Run 02-4. Calculated Response 
(Standard Frame, S = 0.0) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Thi rd-Level Acceleration, 9 
2 3 4 5 6 7 8 9 10 
Time, sec 
Fig. 7.39 (Contd) Test Run 02-4. Calculated Response 
(Standard Frame, S = 0.0) 
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Fig. 7.39 (Contd) 
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(9) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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Test Run 02-4. Calculated Response 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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Test Run D2-4. Calculated Response 
(Standard Frame, S = 0.02) 
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Fig. 7.40 (Contd) 
418 
(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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(9) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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(Standard Frame, S = 0.0) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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(g) First-Level DIsplacement, In. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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Fig. 7.46 (Contd) Test Run 03-1. Calculated Response 
(Standard Frame, S = 0.0) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Fig. 7.47 (Contd) Test Run 03-1. Calculated Response 
(Standard Frame, S = 0.02) 
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(9) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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(a) Measured Base Acceleration, 9 
( b ) Ba s e Shea r, kip 
(c) Base Moment, kip-in. 
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Fig. 7.48 Test Run 03-2. Calculated Response 
(Standard Frame, S = 0.0) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Fig. 7.48 (Contd) Test Run 03-2. Calculated Response 
(Standard Frame, S = 0.0) 
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(9) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
2 3 4 5 6 7 8 9 10 
Time, sec 
Fig. 7.48 (Contd) Test Run 03-2. Calculated Response 
(Standard Frame, S = 0.0) 
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(a) Heasured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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(d) First-Level AcceleratIon, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Fig. 7.49 (Contd) Test Run 03-2. Calculated Response 
(Standard Frame, S = 0.02) 
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Fig. 7.49 (Contd) Test Run D3-2. Calculated Response 
(Standard Frame, B = 0.02) 
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(a) Measured B~se Acceler~tion, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
5 6 7 8 9 
Time, sec 
Test Run D3-3. Calculated Response 
(Standard Frame, S = 0.0) 
10 11 12 13 
1.00 
0.0 
-1.00 
1.00 
0.0 
-1.00 
1.00 
0.0 
-1.00 
o 
(d) First-Level Acceleration, 9 
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(f) Third-Level Acceleration, 9 
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Fig. 7.50 (Contd) Test Run D3-3. Calculated Response 
(Standard Frame, S = 0.0) 
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(g) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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Fig. 7.50 (Contd) Test Run D3-3. Calculated Response 
(Standard Frame, S = 0.0) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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Fig. 7.51 Test Run D3-3. Calculated Response 
(Standard Frame, S = 0.02) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Fig. 7.51 (Contd) Test Run D3-3. Calculated Response 
(Standard Frame, S = 0.02) 
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(9) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Dis p 1 acemen t , in. 
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Fig. 7.51 (Contd) Test Run D3-3. Calculated Response 
(Standard Frame, S = 0.02) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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Fig. 7.52 Test Run D3-4. Calculated Response 
(Standard Frame, S = 0.0) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
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Fig. 7.52 (Contd) Test Run 03-4. Calculated Response 
(Standard Frame, S = 0.0) 
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(9) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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Fig. 7.52 (Contd) Test Run D3-4. Calculated Response 
(Standard Frame, S = 0.0) 
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(a) Measured Base Acceleration, 9 
(b) Base Shear, kip 
(c) Base Moment, kip-in. 
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Fig. 7.53 Test Run D3-4. Calculated Response 
(Standard Frame, S = 0.02) 
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(d) First-Level Acceleration, 9 
(e) Second-Level Acceleration, 9 
(f) Third-Level Acceleration, 9 
2 3 4 5 6 7 8 9 10 
Time, sec 
Fig. 7.53 (Contd) Test Run D3-4. Calculated Response 
(Standard Frame, S = 0.02) 
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(9) First-Level Displacement, in. 
(h) Second-Level Displacement, in. 
(i) Third-Level Displacement, in. 
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Fig. 7.53 (Contd) Test Run D3-4. Calculated· Response 
(Standard Frame, B = 0.02) 
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APPENDIX A. 
DESCRIPTION OF EXPERIMENTAL WORK 
A.l Materials 
f 
I Properties of the materials used in the tests are described in L. 
! 
I 
I 
L. 
! 
[; 
L.. __ 
I 
i 
i 
l .... 
I. 
i... 
this section. Test results of control specimens are listed separately for 
concrete and steel. 
(a) Concrete 
High-early-strength cement (Type I I I) was used in casting all 
the specimens. Fine lake sand and Wabash River sand were used as fine and 
coarse aggregate. The mix proportion was 1 : 1 : 4 (cement: fine aggre-
gate: coarse aggregate) by dry weight. The water-cement ratio was nominally 
0.7 by weight. However, this ratio was increased at the time of mixing to 
insure sufficien~ workability. All the aggregate, cement and mix proportion 
have been used previously in small scale frame specimens (Fiorato, 1970 and 
Gulkan, 1971) in the Structural Research Laboratory of the Civil Engineering 
Department at the University of Illinois, Urbana. 
A frame specimen and control specimens were cast from a single 
batch. The minimum number of control specimens were 
6 of 2 by 2 by 8-in. pr isms for the modu Jus of rupture test, 
2 of 4 by 8-in. cy 1 i nders for spJ itting tests, 
4 of 4 by 8-in. cy 1 i nders for compressive tests, 
4 of 2 by 2 by 2-in. cubes for compressive tests 1 
and 2 of 6 by 12-in. cy 1 i nders for compressive tests. 
A typical stress-strain curve for the concrete is shown in Fig. A.l. 
The stress-strain relationship was determined from compression tests of 
454 
4 by 8-in. cylinders with a mechanical extensometer of a 5-in. gage length. 
Due to the limitations of the testing machine, the descending branch was 
not measured after the maximum stress was reached. 
The compressive strength of the concrete was determined from com-
pressive tests of 4 by 8-in. cylinders. The frequency distribution of 
compressive strength is plotted in Fig .. A.2. The average compressive 
strength from 43 cylinders tests was 5,050 psi with a range from 3,280 to 
6,050 psi. 
Compressive strength was also measured using compressive tests 
of 2 by 2 by -2-in. cubes and 6 by 12-in.' cylinders. The strength found 
from these tests are compared with one from 4 by 8-in. cylinders in 
Fig. A.3. A compressive strength from cubes gave the highest and the one 
from 4 by 8-in. cylinders gave the lowest value from the same batch of the 
concrete. 
The average secant modulus determined from a stress-strain curve 
at 40 percent of the compressive strength of a 4 by 8-in. cylinder is com-
pared with the compressive strength in Fig. A.4. 
A tensile strength was determined using splitting tests of 4 by 
8-in. cylinders. The modulus of rupture was determined using 2 by 2 by 8-in. 
prisms loaded at the mid-span and simply supported at 3 in. from the loading 
point. The tensile strength and the modulus of rupture of the ~oncrete are 
compared with the compressive strength in Fig. A.5. The relation between 
tensile strength f
t 
and compressive str~ngth f~ was found to be approximately 
(A. 1 ) 
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and the relation between the modulus of rupture f and the compressive 
r 
strength f' 
c 
(A.2) 
The frequency distribution is plotted for the tensile strength 
in Fig. A.6. The ave~age from 26 splitting tests was 430 psi with a 
scatter range from 247 to 577 ps i. The modul us of rupture is compared wi th 
tensile strength in Fig. A.7. The modulus of rupture was generally found 
to be more than twice as large as the tensile strength. The test results 
are summarized in Table A.l. 
(b) Reinforcement 
Number 2 deformed bars were used as longitudinal reinforcement in 
columns and beams. Number 3 deformed bars were used as longitudinal rein-
fo rcement in the bas e girders. Number 14. gage p 1 a i n wires were us ed 
exclusively as stirrup reinforcement in columns and beams. 
Number 2 deformed bars (Fiorato,· 1970) were purchased from the 
Triangle Steel and Supply Company in California and annealed at 1200°F for 
two hours by Fred A. Snow and Co. of Chicago. When the No.2 deformed bars 
were prepared for use in the specimens, the surface was covered with rust 
and appeared reddish-brown. No special treatment was carried out to clean 
the surface. 
Surfaces of the No.3 deformed bars and the No. 14 gage wires 
were clean. 
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Stress-strain curves of the No.2 and 3 deformed bars were 
obtained during a tensile test using a mechanical extensometer of a 2.0-in. 
gage length and an engineering scale. The'extensometer was used for 
elongation up to approximately ].5 percent strain, and then was rep1aced 
by the engineering scale until the maximum stress was reached. Typical 
.... - \ 
stress-strain curves are shown in Fig. A.8 and A.9. 
Most of stress-strain curves of the No.2 deformed bars had dis- -.... _--, 
I 
tinct yield plateaus up to strains of 0.8 to 2.0 percent, and reached the I 
ultimate stresses at 16 to 28 percent strain. A single No.2 deformed bar 
was cut into ten pieces of 14 in. long from one end to the center of the 
bar. Each coupon was subjected to tensile stresses up to failure. Measured 
yield and ultimate stresses are plotted in Fig. A. ]0. The plot shows an 
approaching ]0 percent of the average yield stress scatter in a single bar. 
Due to this fact, an average yield stress of 42,600, psi obtained from sixty-
four coupons was used in the analysis rather than individual yield stresses 
determined from tests of coupons which were taken from the same bars used 
in the frame specimens. The frequency distribution of yield stresses is 
shown in Fig. A.]l. By the same token, an average ultimate stress of j ,I 
66,500 psi from fifty-eight coupons was adopted in the analysis. An average 
strain at the commencement of strain hardeni,ng was ].6 percent from strain 
readings of sixteen coupons. The ultimate strain ranged from 15 to 27.5 
percent for a 2-in. gage length. 
Number 3 deformed bars had an average yield stress of 47,500, psi 
obtained from tests of fifteen coupon specimens with a scatter range of 
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44,500 to 51,000. psi. An aver.age.ultimate stress from the same set of 
specimens was 71',600 psi with a scatter r~nge of 67,700 to 74,500 psi. 
Number 14 gage plain wire has a nominal diameter of 0.0800 in. 
and a nominal area of 0.00503 iri. 2 Sixteen coupon specimens were taken at 
random from the same lot as was used in the frame specimens, and tested in 
tension. The average yield stress was 39,600 psi with a scatter range of 
37,400 to 42,100 psi. The average ultimate stress was 54,400. psi with a 
scatter range of 50,700 to 57,700 psi. Strain at the ultimate stress 
ranged from 15.0 to 30.5 percent for a 2.0-in. gage length. 
A.2 Description of the Specimens 
A total of nine test frames were built. Th~ee identically 
designed frames are treated as a set, in which two frames were subjected 
to a series of dynamic base motions and the remaining one frame was sub-
jected to static load reversals. The static test results are not reported 
here. 
The first set and the second set contained identical specimens. 
The third set was different from the other two only in the arrangement of 
longitudinal reinforcement. 
(a) . D i mens ions 
The overall nominal dimensions of the one-bay three-story test 
frame are given in Fig. A.12. Three beams at the first, second, and third 
stories had identical section properties. The columns were continuous 
from the base to the top with the same cross-sectional properties except 
for the amount of stirrup reinforcement. 
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The clear story h~ight was 15.0 in. inside-to-inside of the. 
beams. The ends of all three beams protruded 6.0 in. from the center of 
the columns. The top end of the columns protruded 7.0 in. from the center 
of .the third-story beam. 
A column had dimensions of 2.5 by 2.5 in. and was 67.5 in. high 
measured from the bottom face of the base girder. Beams were 2.5 in. wide, 
3.0 in. deep and 48.0 in. long. The base girder had dimension of 2.5 by 
8.0 in. and was 60.0 in. long. All the specimens were bui1t within a 
fabrication error of 0.06 in. Two vertical holes were made at the protrud-
ing parts of a beam, 2.0 in. from the end in order to support a steel rack. 
The hole was reinforced with a steel pipe of 9/16 in. inside diameter. 
Five vertical holes were made in the base girders on l2.0-in. 
centers in order to fasten the frame to the earthquake simulator platform. 
The holes were reinforced with steel pipes (9/l6-in. inside diameter). 
(b) Long i tud ina 1 Re i nforcemen t 
Ar rangement of the long i tud i na 1 re i nforcement is shown in Fi g. A. J 2. 
Four No.2 deformed bars were used as longitudinal reinforcement in beams 
and columns. Eight No.3 deformed bars were used in the base girder. 
Gross reinforcement ratio was 2.67 percent for a beam, 3.20 per-
cent for a column, and 4.4 percent for the base girder. 
Arrangement of reinforcement of the first six frames ~as different 
from the 1ast three frames. Detailed cross sections of a beam, a column and 
the base girder are shown in Fig. A.13 and A.14. 
(c) Lateral Reinforcement 
Number 14 gage plain wires were used exc1usively as transverse 
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reinforcement in the test frames. The arrangement of the transverse 
reinforcement is shown in Fig. A.15. Stirrup reinforcement was provided 
at every 6.0 in. in a beam in order to hold longitudinal reinforcement in 
place during the casting of concrete. 
In the base girder (Fig. A.16), six stirrups at· every 0.5 in. 
were provided on both sides of the column longitudinal reinforcement. One 
stirrup was placed on both sides of each steel pipe sleeve. 
Eight hoops were provided at every 3/4 in. from each beam-column 
connection on the second- and third-story columns. Eight hoops at every 
3/4 in. from bottom and top faces of the first-story columns were provided 
in frames 011 and D12. Twelve hoops at every 1/2 in. were provided in the 
same location in the rest of the frames. 
The cqre of each beam-column connection was reinforced with seven 
hoops as shown in Fig. A.15. Three of these enclosed only the column rein-
forcement. The other four also extended to the cantilevered portion of the 
beam and enclosed the hooked ends of the beam reinforcement as well as the 
column reinforcement. 
A total of ten hoops were provided along the column longitudinal 
reinforcement in the column-base girder connection. 
(c) Casting and Curing 
The reinforcement cage (Fig. A.17), with steel pipes for the 
holes, was tied into position in a casting form, which consisted of a 
3/4-in. plywood board at the bottom and 1/4-in. steel plates at the sides 
of the frame. The steel pipe sleeves were also securely tied to the steel 
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sides by 1/2~jn. diameter steel bars. The reinforcement cage was held in 
position by means of 1/4-in. nuts as spacers and thin steel wires. 
The concrete was placed in the form and vibrated externally not 
to disturb the reinforcement cage. Control specimens were cast at the 
same time from the same batch of concrete. 
After the concrete surface was struck off and trowelled smooth, 
frames Dll and D12 were left exposed to the laboratory air for twenty-four 
hours until the casting form was removed. The rest of the frames were 
covered with wet burlap and plastic sheet immediately after the concrete 
surface was struck off and trowelled smooth. 
The casting form was struck down twenty-four hours after the 
concrete was cast. The frame was then covered with wet burlap and plastic 
sheets and kept .moist. The wet burlap and plastic sheets were removed a 
week after casting. The specimen was then kept in the laboratory until 
the time of testing. 
A.3 Test Procedure 
The frame tests were carried out with due cares in order to 
acquire reliable test results. The procedure is described in this section. 
-1 
I 
(a) Performance Check of the Earthquake Simulator 
The performance of the earthquake simulator is quite sensitive 
to the'tuning
" 
of its various components. It may not always produce the 
same fidel ity with respect to a given input waveform altho~gh all the ~l 
J 
controls are in their nominally correct positions. Consequently, it is 
preferable, though not always necessary, to tune the entire system before 
starting a series of tests. 
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Before installing the, test frames on the platform, the earthquake 
simulator was run several times to calibrate the actuator travel against 
maximum platform acceleration for the particular waveform to be used in 
the tests. The plots of table accelerations versus time in thei~ runs were 
also examined for fidelity with respect to the input waveform. 
Besides checking the performance of the earthquake simulator, 
these runs provided information for controlling the intensity of the plat-
form motion during the tests of the reinforced concrete frames. 
(b) Installation of the Test Frames 
After the performance of the earthquake simulator was decided to 
be acceptable, the two test frames were placed on the test platform (Fig. 
A.18). Initially, the bolts which tied the frame to the platform were 
left loose so th.at an accidental shock during installation of the frames 
and the steel weights should not damage the frames. Steel racks carrying 
the steel weights were put in place one level at a time starting from the 
firs t 1 eve 1 . 
All the steel plate weights were fastened to two parallel steel 
box sections on the floor, and then lifted by the crane to a position' 
approximately a half inch below the specified location. The steel angles 
were then attached to the box sections. After tightening all the bolts, 
the steel rack was lifted and secured in the specified location by tighten-
ing long bolts hung from the frames. The bolts connecting the frames and 
a steel rack were again left loose so that an accidental shock should not 
damage the frames. 
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Immediately before the test, the bolts were tightened fast tak-
ing care not to crack the frames. 
(c) Cal ibration of Instruments 
Test data were all recorded on magnetic tape recorders in terms 
of electric voltage. In order to be able to translate the voltage into a 
physical measurement, the relation between the physical measurement and 
the vo 1 tage shou 1 d be known. Therefore, mechan i ca 1 ca 1 i brat ion signa 1 s were 
recorded on the tape recorder before the test started. This calibration 
process was accompl ished by subjecting each displacement gage to a known 
mechanical displacement, or by subjecti~g each acceleration gage to the 
earth gravity in the measuring axis. The calibration was made before and 
after the test to check the influence of temperature change on electronic 
devices and to confirm the initial results. 
(d) Tes t Run 
The selected earthquake waveform was fed into the earthquake 
simulator by a tape recorder. The starting of the input tape recorder 
may cause an electric spike. If the spike is transmitted to the earthquake 
simulator and reproduced on the test platform, the shock may be much 
stronger than that caused by a programmed earthquake motion. In order to 
avoid this accidental shock, the pressure in the actuator was cut when the 
input tape recorder was started. When the input and the recording tape 
recorders reached working speed, the actuator was pressurized first at II 1 ow II 
and then "high" before starting the run~ 
After free vibration of the frames subsided, the'hydraulic pres-
sure was cut from the actuator, and the tape recorders were stopped. 
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(e) Examination of CratkPatterns 
After each run, Detection Ink*,which contains small .fluorescent 
particles, was sprayed on the surface of the frames. The small fluorescent 
particles in the ink penetrated into a concrete crack and reflected Jlblack 
1 i ghtll showing the crack patterns clearly. Cracks on the frames were 
marked with pencil and indentified. 
(f) Adjustment of Instrumentation 
After each run, every channel of the tape recorder was checked 
to see if it was recording properly. From the rough observation of the 
recorded signals, the gain setti~gs for the next run were determined. 
From the viewpoint of data reduction, it is preferable to maintain the 
same gain settings throughout the test, rather than modifying them between 
runs. 
A.4 Instrumentation 
Three different types of sensors (Fig. A.19) were used during 
each run of the tests: accelerometers, displacements transducers and 
electric strain gages. A typical wiring diagram for instrument output is 
shown in Fig. A.20. 
Eight accelerometers were installed to measure horizontal acce-
lerations parallel to the imposed direction of motion: an accelerometer 
at the top of the base girder of each frame, and two accelerometers on the 
rigid steel rack at each story level (Fig. A.19). Six accelerometers were 
installed with their axes vertical direction, two each steel rack at each 
story level, in order to measure vertical vibrations. 
";'~ 
Flaw Detection Ink (CermoreFluorescent), Burmah Oil Trading Ltd., 
Lobitos Division, Manchester, England. 
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All of the accelerometers (Fig. A.2l) mentioned above measured 
the absolute acceleration of the point of installation in the direction of 
the principal axis of the accelerometer. Four Kistler Model 305T/5l5T Servo 
Accelerometer/Amplifier Systems, and twelve ENDEVCO A-116-l5 Accelerometers 
and accompanying ENDEVCO Amplifiers were used. In order to avoid high 
frequency noise in an acceleration signal, which was considered to be of 
1 ittle engineering significance, either a built-in or an additional low-pass 
fi lter (DC to 100 Hz) was used with the amplifier. A 1.0-g calibration 
signal was generated by changing the principal axis of a gage from the 
horizontal position to the vertical position. 
Relative displacements were measured between two points by dif-
ferential transformers (Fig. A.22). Two A-shaped rigid steel frames were 
fastened on the earthquake simulator platform to provide a reference point 
(Fig. A.23). Displacements of the test frames were measured with respect 
to the reference frames at four levels: top of the base girder and mid-
heights of the three beams. 
Two DC-type differential transformers (Hewlett-Packard Co.) with 
+ 0.25 in. travel limit were used with DC amplifiers on the base girder of 
the two frames. 
AC-type differential transformers (Schaevitz Engineering Inc.) 
with + 3.0 in. travel limit v.ere used at the three beam levels of. each test 
frame. 
Calibration signals were generated by using a 0.2S-in. metal block 
gage for a DC-type differential transformer, and by using a 1.0-in. metal 
block gage for an AC-type differential transformer. Linear response between 
distance and the gage output was checked within the operating range. 
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High elongation strain gages (HE-121-B, Micro-Measurements Co.) 
were used on the No.2 deformed bars in the two diagonal corners of the 
fi rst-story columns (at the face of the beam or the girder) and in the first-
story beam (at the face of a column). Strain gages were installed in the 
Frames 012, 022, and 032. Gages (Fig. A.24) were all coated with water-
proofing flexible materials. 
A.5 Data Reduction 
The dynamic response measurements were recorded by three analog 
magnetic tape recorders, each with a capability of recording thirteen voltage 
signals and one audio signal. The audio channel of each tape contained a 
short description of the test runs. A common signal (the original earthquake 
acceleration record) was recorded in Channell of all three units as a time 
reference so that data on the three tapes could be synchronized for analysis 
of the test results. The input earthquake acceleration waveform was used 
as a common signal to the three tape recorders. 
Each test segment of tape containing the response signals of the 
specimens was converted to digital data; this included portions before the 
earthquake motion began and after the response of a specimen subsided. The 
conversion system was that available in the Department of Civil Engineering, 
University of Illinois, Urbana (Appendix D). Average values of the portion 
before the base motion had started (approximately 1800 point per channel) 
were assumed to represent zero values of the signals. These zero values 
were assumed to be correct throughout the test run because the duration was 
less than 20 sec, and the recording system was stable during the test run. 
Although low-pass filters were used in the instrumentation, digi-
tized records contained high-frequency noise. In order to avoid the noise 
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in the analysis and presentation of test results, the following formulas 
were used to smooth the digitized signals. For all cases, 
and for presentation of recorded signals, 
in which 
x = recorded value 
Y = smoothed value 
Subscripts indicate locations of points relative to the current Step i. 
The effect of smoothing recorded signals can be observed in Fig. A.25. -"., . , 
I 
The base acceleration waveforms measured in Test 02 are compared 
with the input acceleration waveforms in Fig. A.26. The comparison of the 
waveforms are seen to be generally favorable. 
The first-level acceleration waveforms measured at the two 
differerit locations on the steel rack in Test Run 01-1 are compared in 
Fig. A.27. Those two signals are almost identical. The first-level disp1ace-
ment waveforms measured at the two frames in Test Run 01-1 are compared in 
Fig. A.28. 
l 
r·······_·, r""-" r' -:-::-' , ...... _ .. r---~' r--'''''' r--'--"- [ ....... - f-~~ 1--'· r---- r-'"" r-'--' r--··~·· r--o .... -. I r'-~ r: 
Tab 1 e A. 1 Measured Average Response of Concrete Control Specimens 
Water-Cement Secant Com~ressive Strength, ~si Tensile Strength, ~si 
Ratio Age, Mo d u 1 u S ~'~ , 4x8-in. 6x12-in. 2x2x2-in. Splitting Modulus of 
Specimen W/C Days x106 psi Cyl inder Cy 1 i nder Cube Tes t Rupture 
011 0.80 76 3. 12 4,790 4,990 5,940 420 1 ,070 
012 0.77 49 3. 16 5, 140 5,400 5,920 470 1 ,000 
021 0.73 203 3.32 5,210 5,680 6,100 440 990 
022 0.73 168 3.30 5,430 6,210 6,570 505 905 ,.f:-
~ 
031 0.83 175 3.00 4,340 4,880 4,820 270 720 --....J 
032 0.75 53 3.33 5,280 6,505 7,230 425 1 ,210 
-;'c 
Measured at 40 percent of compressive strength in compression test of 4x8-in. cylinders. 
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Table A.2 Measured Average Response of Number 2 Deformed Bars 
Stress, Esi Strain 
Specimen Yield Ultimate Strain Hardening 'Ultimate 
D 11 42,100 67,100 0.011 0.21 
D12 41 , 700 66,800 0.014 0.21 
D21 42,300 65,600 0.016 0.21 
D22 41,900 68,300 0.018 0.18 
D31 42,300 66,100 0.018 0.26 
D32 42,900 67,400 0.015 . 0.21 
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Fig. A.16 Detail of Reinforcement in the Base Girder 
Fig. A.17 A Typical Reinforcement Cage in the Casting Form 
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Fig. A.18 Test Specimen with Steel Weights 
/' 
L -!5 It WZ It I/Z in. 
..e-
eo 
w 
~ 
o Accelerometer 
LVOT 
-- .... --Strain Gaoe 
Fig. A.19 
I 
y .. J J ... __ J ... -... J 
N --, 
I 
V _J j 
----, 
I 
'c: II ___ J 
Test Frome 
Location of Gages during a Simulated Earthquake Test 
I 
.J _._J I . ...:J I •• J ~ J I .1 .i 
..t:-
eo 
..t:-
J 
. ~ j 
Acce I era t i on: 
Displacement: 
Stra i n: 
485 
L-_A_c_c_e_Ie_r_o_m_e_t_e_r __ ~t----4 Amplifier 
,--_0.;..1 s .. p;....;I-"". _G.;;.;a;;.og""e'--_ .... t----4 Amp II fie r 
'--_S_tr_a_l_n_G_a-=9=-e __ ...Ir----i Amp 11 f i er I 
Channel Tape Recorder No. I 
I. Common Signal* 
Low-Pass FII ter 
Low-Pass FII ter 
Low-Pass FII ter 
Recording Device 
Recording Device 
Recordtng Device 
Channel Tape Recorder No.2 
I. Common Signal 
2. Hor. Acc. at the base of Frame A* 2. Vertical Acc. on the test platform 
3. Hor. Acc. at the base of Frame 8 3. Vertical Acc. at the first beam level 
q. Vertical Acc. at the second beam level 4. Hor. Acc. at the first beam level* (East) 
5. Hor. Acc. at the first beam level (West) 5. Vertical Acc. at the third beam level 
6. Hor. Acc. at the second beam level* (East) 6. Transverse Acc. at the third beam level 
7. Hor. Acc. at the second beam level (West) 7. Transverse Acc. at the third beam level 
8. Hor. Acc. at the third beam level* (East) 8. Transverse Acc. at the first beam level 
9. Hor. Acc. at the third beam level (West) 9. Transverse Acc. at the first beam level 
10. Hor. Dlspl. at the base of Frame A 10. Hor. Displ. at the base of Frame 8 
II. Hor. Dlspl. at the first level of Frame A* 
12. ,Hor. Dlspl. at the second level of Frame A* 
13. Hor. Dlspl. at the third level of Frame A* 
II. Hor. Displ. at the first level of Frame 8 
12. Hor. Dlspl. at the second level of Frame 8 
13. Hor. Displ. at the third level of Frame 8 
* 
Channe I Tape Recorder No. 3 
I. Common Signal 
2. Strain** at the base of the first-story column 
3. Strain at the base of the first-story column 
4. Strain at the base of the first-story column 
5. Strain at the base of the first-story column 
6. Strain at the top of the first-story column 
7. Strain at the top of the first-story column 
8. Strain at the top of the first-story column 
9. Stra.in at the top of the first-story column 
10. Strain at the end of the first level beam 
II. Strain at the end of the first level beam 
12. Strain at the end of the first level beam 
13. Strain at the end of the first level beam 
The s1gnals were recorded on an oscillograph. 
** Strains were measured on the longitudinal reinforcement. 
Fig. A.20 Typical Wiring Diagram of Gages 
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Fig. A.2l Kistler and Endevco Accelerometers 
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Fig. A.22 AC-Type and DC-Type Differential Transformers 
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Fig. A.23 The A-Frame and Test Specimen 
Fig. A.24 Detail of Strain Gage Coating 
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(d) Original Taft (N21E) 1952 Acceleration Record, g 
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(e) Measured Base Motion Signal in Test 02-3, g 
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(a) First-Level Displacement at North Frame, in. 
(b) First-Level Displacement at South Frame, in. 
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Fig. A.28 Comparison of Output Waveforms of Two Displacement Gages 
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APPENDIX B. 
THE UNIVERSITY OF ILLINOIS EARTHQUAKE SIMULATOR SYSTEM 
B.1 Description of the Faci 1 ity 
The University of Illinois Earthquake Simulator (referred,'to,as 
the earthquake simulator) is currently housed in the Structural Research 
Laboratory of the Civil Engineering Department in Urbana campus. 
Because detailed description of the system hardware have been 
publ ished elsewhere (Sozen et al, 1-969 and Gu1kan, 1971), only brief des-
cription of the facility is given here. The system consists of (1) a 
hydraulic ram equipped with a servo-valve, (2) a power supply, (3) a com-
mand center, and (4) a test platform. 
The test platform is 12 by 12 ft in plan. It is supported by 
four flexure plates as shown in Fig. B.l. The flexure plates have flexural 
joints at each end, which can rotate with very small resistance allowing 
free motion of the platform in one horizontal direction. The test bed 
plate is drilled and tapped for 1/2-in. bolts on 12-in. centers in two 
di rections. 
Free vibration of the platform on its supports has a natural 
period of 2.5 sec. The resistance provided by the flexure plates was 
measured to be 90.0 1b/in. with the force applied at the level of the plat-
form. From these two items of information, the effective weight of the 
platform was evaluated as approximately 5,500, lb. 
The test· platform. is actuated by a 75,000, lb capacity hydraul ic 
ram to a ma~i~um velocity of 20~O In./~ec and to a ma~imum displacement 
of ! 2.0 In. under dynamic conditions. 
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The command center can accept almost any s.ignal in terms of 
electric voltage as long as the signal does not demand more than the capa-
city of the hydraulic ram. Input form can be displacement, velocity and 
acceleration time histories, although the motion of the hydraulic ram is 
controlled by a displacement command, which can be acquired by electronic 
integration from a velocity or an acceleration time history. The manu-
facturer of the system (MTS Co.) recommended the displacement input for 
the following reasons: 
(1) The ram is controlled by a displacement sensor attached to 
the ram. 
(2) By inputting displacement command, it is possible to avoid 
problems introduced by the integrating circuit within the 
system, and 
(3) The integrating circuit within the system includes an 
electronic safety device to limit the maximum displacement 
of the ram. This safety device may distort the integrated 
waveform especially at the low frequency range. 
B.2 Performance Test under Earthquake Motions 
Despite the advice from the system manufacturer to use displace-
ment records as input, it was decided to experiment with an acceleration 
input to see whether it could lead to a better earthquake simulation. 
The digitized earthq~ake time histories were converted into an 
analog signal using the IBM 1800. directly connected to an IBM 360-75 com-
puter. The procedure is described in Appendix D. A Sangamo 3500 14-
channel tape recorder was used in recording the analog signals. Preliminary 
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trials indicated that less noise s,ignal was generated at h,igher tape play 
speeds and that thi~ was independent of the recording speed. Accordingly, 
the tape play speed was set at 60.0 In./sec and the record speed at .15.0 
in./sec. Four sets of record were made at different time scales. Each set 
of earthquake time-histories were compressed with respect ·to time by 2.5, 
5.0, 7.5 and 10.0. 
Duri,ng the performance tests, a concrete weight of 4,000 . .lb was 
securely fastened to the test platform to represent the weight of a test 
specimen. Two servo-accelerometers were used to measure the platform motion. 
The servo-accelerometers with accompanying amplifier had flat response from 
DC to 200 Hz. 
Four earthquake acceleration histories digitized by Amin (1966), 
two components of El Centro 1940 and two components of Taft 1952 we~e used 
as input. The input signals were recorded and played at time compression 
ratio of 2.5, 5.0, 7.5, and 10.0. 
The measured acceleration records on the platform were digitized 
by using the IBM 1800. 
(a) 'Waveform of Simulated Earthguake 
The prototype and simulated acceleration histories of the NS com-
ponent of El Centro (1940). record are shoWn in ~ig. B.2. The vertical 
scale of simulated earthquake record represents the measured acceleration 
divided by eart~ gravity. 
No record is shown for.the displacement input at the time com-
pression ratio of 2.5. In this .run, the' fundamental waveform was success-
fully reproduced, but the'high-frequency noise which accompanied it made 
it impossible to show the waveforms in the ~igure to a reasonable scale, 
the trend' of which can be observed' if the wavef6rms for the displacement 
input at the time ~ompression ratio of 5.0 and 10.0 are compared. 
The waveform for the displacement input y = 5 was well reproduced 
although the relative magnitudes of some of the acceleration spikes were 
distorted in the initial period of the earthq~ake. At y = 10, the repro-
duction of the earthquake was satisfactory except for the reduction in the 
number of zero crossings. The prototype acceleration history contained 
approximately 230 zero crossi.ngs compared with 120 zero crossings in the 
simulated record at y = 10. 
The waveform was excellent for the record obtained by inputting 
the acceleration signal at y = 2.5. The noise which was observed for the 
displacement input was virtually nonexistent in this case. At y = 5,. dis-
tortion of the waveform at intenser range was further exaggerated, with 
the total number of zero crossings of 130. 
The total number of zero crossings in the simulated acceleration 
records are plotted in Fig. B.3 as a ratio of the total number of zero 
crossings in the prototype acceleration record. The horizontal axis rep-
resents the time compression ratio. There is a definite trend, for both 
types of input, for the number of zero crossings to decrease as the tim~ 
compress i on rat i 0 is increased. A 1 though the zero cross l.ngs were not 
regularly spaced with respect to time during the course of the acceleration 
history, this trend does indicate.that.there is an approximate limit to 
the number of "cycles" that the' system can handle. The trend' impl ies that 
the system cannot handle more than approximately .40 zero crossings per 
-,. 
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second. Thus, an earthquake acceleration record which contains approxi-
mately ~ight zero crossings per second could be reproduced closely up to 
approximately a time compression ratio of 5. At higher time compression 
ratios, the number of zero crossi,ngs in the simulated record would be less 
than that for the original record. 
(b) Response Spectra of Simulated Earthquake 
Calculated response spectra for prototype and simulated earthquake 
motions of the NS component of the El Centro (1940) record are given in 
Fig. B.4 for the damping factors of 0.0, 0.05 and 0.10 of critical. In 
order to provide a direct comparison between the response to the prototype 
motion and to the simulated earthquake motions, the si~ulated acceleration 
time histories were IInormal ized" before the calculations for the response 
spectra were made. The maximum acceleration measured for the simulated 
record was set equal to the maximum acceleration in the prototype record. 
The actual time of the simulated motions were stretched by the time com-
pres s ion ra t i o. 
Response spectra are shown for the prototype El Centro accelera-
tion record and for the simulated earthquake accelerations of y = 5 of dis-
placement input and r = 2.5 and 10 of acceleration input. In general, the 
comparison of the response spectra to the prototype and simulated earthquake 
was more favorable than the comparison of the waveforms for the prototype 
and simulated acceleration histories. 
If the'waveforms of time compression ratio of 5 for displacement 
input and acceleration input are compared, the existence of high frequency 
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noise can be easily recognized in the waveform of the displacement input. 
This high frequency noise is less conspicuous in the waveforms for the 
higher time compression ratios of displacement input. 
The observed noise may be related to the existence of a small 
noise signal either on an input magnetic tape or input electronic circuit. 
This may be explained roughly as follows. Suppose the displacement time 
history d(t) is expanded by Fourier series as 
in wh i ch 
00 
d(t) = L 
i= 1 
d. sinw. t 
I I 
d 1· d f .th . = amp Itu e 0 I component 
I 
• 1 f f . th w. = clrcu ar requency 0 I component 
I 
t = time. 
(B. ] ) 
If the displacement waveform is fed into the earthquake simulator and is 
exactly reproduced on the earthquake simulator, then the simulated accelera-
tion time history a(t) will be 
00 
a(t) = L -w~ d. 
i= 1 I I 
sin w. t 
I 
(B.2) 
Equation B.2 indicates that amplitude of a displacement component is ampl i-
fied proportional to square of its circular frequency, and that if there 
exists a high frequency component noise with even a small amplitude in a 
displacement waveform, the high frequency noise is exaggerated in an 
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acceleration waveform. This may.be the main. reason for the displacement 
input to cause ~uch l~rge hi~h freq~~ncy noise. 
The noise frequency is independent of a time compression ratio. 
Therefore, the noise amplitude stays constant for any time compressi~n 
ratio, while the acceleration amplitudes of simulated earthquake increase 
with the square of a time compression ratio. Hence, the noise level is 
reduced to only a fraction in the waveform. 
In the case of acceleration input, the noise may not be amplified 
because of the following reason. Suppose the acceleration time history is 
expanded by Fourier series as 
00 
a(t) = I . a. sin w. t 
I I 
(B.3) 
i=l 
in which 
] . d f' th a. = amp Itu e 0 I component. 
I 
If the acceleration signal is exactly integrated in the electronic circuit, 
then the displacement signal should have the following forms: 
00 
a. 
I ef (t) . I • w. t :II: - -'-sin ~ I (B.4) 
i = 1 w 
If the displacement waveform is precisely reproduced on the platform, the 
acceleration should be measured as 
00 
a(t) = L 
i=l 
a. sin w. t (B.S) 
I I 
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This waveform is exactly the same as the original input acceleration, which 
indicates that there should not be any amplification of noise from the 
input signal. 
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(f) Simulated Record (y - 5.0, Ace. Input) 
(g) Simulated Record (y = 7.5, Ace. Input) 
(h) Simulated Record (y = 10.0, Ace. Input) 
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Fig. B.2 (Contd) . Comparison of Measured Platform Acceleration 
Waveforms with the Original Earthquake Waveform 
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APPENDIX C. 
SCALING OF A MODEL 
When a small scale model is used in an experiment, the scale of 
the model should stay within a certain limit so that the test results from 
a model could be projected to describe the behavior of a prototype struc-
ture. 
In order to describe engineeri,ng quantities, three basic 
independent units are necessary: units of length, time, and force. Also, 
three independent dimensions can be chosen to express dimensions of any 
engineering quantity: length (l), time (T), and force (F). The word 
"independent" is used because a dimension of any of the three cannot be 
expressed asa combination 'of the other two. The choice of the three 
fundamental dimeonsions are arbitrary as JO,ng as they are mutually indepen-
dent. 
Subscripts m and p were used to denote model and prototype, res-
pectively. Three constants a., S, Y were used to show how the length, time 
and force were linearly scaled from a prototype to a model; 
a. (l) = (l) p m 
S (T) = (T) p m 
Y (F) = , (F) (C.1) P , m 
If a model is linearlY'scaled from a prototype, then an engineer-, 
i ,ng quant i ty ina mode 1 can be expressed as a product of a cons tant sca Ie 
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factor and the corresponding engineering quantity in the prototype. For 
example, model acceleration A can be expressed as a product of prototype 
m 
acceleration Ap ' length scale factor a and time scale factor S, in the 
form 
A 
m 
In other words, two accelerations A and A are linearly related by the 
m p 
factor a/S 2 , which is uniquely defined by the choice of a and S. 
In the current tests a and S were arbitrarily chosen as 1/8 and 
1/2.5, respectively, so that A did not depart too far from A because the 
m p 
gravity acceleration is the same in a model and a prototype. Originally 
A was intended to be equal to A , but an earthquake record of time scale 
m p 
l/~ was not available. A scale factory is determined by the condition 
that the pertinent properties of the materials were comparable in model and 
prototype, specifically Young's modulus E. 
E = -XE m 
0. 2 p 
hence 
0. 2 
1 
Y = 6lf 
The total amount of weight per story is determined by the scale 
factor assuming approximately 200. lb/ft2 average weight over an 8 by 8 ft 
floor a rea. 
. ~. i 
L 
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By using this scal ing system, the following relations exist 
between the mode 1 and the "a rb i tra ry" prototype 
in wh i ch 
1 a=a 
1 S = -2.5 
1 
Y = b4 
D 
m 
V 
m 
= ex D p 
ex 
=-v S p 
ex A =-A 
m S2 p 
cr = cr 
m p 
51 = ex 51 
m p 
D = displacement 
V = ve 1 oc i ty 
. 
5 tra i n rate e: = 
cr = stress 
5 I = spectrum intensity 
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APPENDIX D 
DIGITAL-TO-ANALOG AND ANALOG-TO-DIGITAL CONVERSION 
Development of data processing facilities has been of great 
importance in the test of a structure to a simulated earthquake motion. 
The faci 1 ities should be capable of (1) generating an analog signal from 
digital data, and (2) converting analog data into digital form at a reason-
ably high speed and with sufficient accuracy. 
In simulated earthquake tests of a structure on the earthquake 
simulator, the motion of the test platform is controlled by an electric 
analog signal. Although original strong motion records of an earthquake 
were usually in graphical analog form, the records have been converted 
and are available in digital form. Therefore, the digital records have 
to be converted to an electric analog of the motion to be used in the 
earthquake simulator system. 
On the other hand, all the measured response signals of the test 
structure are recorded continuously on magnetic tapes in terms of electric 
voltage. These electric analog signals have to be converted to digital 
form at some stage of the analysis in order for a high-speed digital com-
puter to have access to the test data due to the fact that more sophisti-
cated analytical methods have been developed and are available for use on 
a digital computer than on an analog computer. 
The following paragraphs describe briefly the digital-to-analog 
and analog-to-digital conversion procedures which were carried out along 
with the simulated earthquake tests. The procedures were developed in 
three stages. 
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When the earthquake simulator was first put into operation, the 
conversion procedure (anal?g-to-digital and ~igital-to-anal?g) involved 
manual operation. In. generating an electric analog of an earthquake motion, 
the digital record was converted manually to a graphical analog by being 
plotted on a sheet of paper with dark ink. The graphical analog wa~ con-
verted to an electric analog using a photo-electric curve follower. The 
position of the curve follower was sensed as electric voltage and was 
recorded on an analog magnetic tape. This process, however, was found 
to be inadequate in reproducing an original earthquake acceleration on 
the earthquake simulator. 
At this stage, the analog-to-digital process was carrIed out by 
converting a graphical analog trace to digital data using a system called 
Il0scar'l (Benson-~ehner Co.). The Oscar consists of (1) an illuminating 
screen, (2) two straight rulers, (3) a digital voltmeter, and (4) a digital 
output device. The graphical trace was placed on the screen, and was 
fo1 lowed manually with the intersection of the two rulers. The coordinates 
of the intersection were sensed by the digital voltmeter, and were punched 
either on a paper tape or a series of cards. This process was found im-
practical because of its slow conversion rate and the large amount of labor 
required. 
Later, the IBM 1800 Data Acquisition and Control System, which. 
was housed in the Department of Computer Science of the University of 
111 inois at Urbana-Champaign, was introduced and used with the aid of the 
IBM 360/50 digital computer for ana1og-to-digital and digital-to-analog 
conversion. The IBM 1800 system could convert a series of digital data 
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into an electric analog at a conversion rate of 10,000 : 20,000 : 30,000 
or 40,000 points per second. The analog ~ignal was recorded on an FM 
magnetic tape. The IBM 1800 system could convert up to 16 channels of 
electric analog signals into digital data, and write the values on a digi-
tal magnetic tape (9 tracks, 1600 BPI). An electric analog signal was 
sampled every milisec or at slower rates. 
Currently, an analog-to-digital and digital-to-analog converter 
system was assembled in the Civil Engineering Department of the University 
of Illinois at Urbana-Champaign; The system consists basically of (1) 
16-bit word mini-computer of 8-K memory, (2) a12-bit analog-to-digital 
and digital-to-analog converter, and (3) a 9 track 800-BPI (byte per 
inch) 75-IPS (inch per second) digital tape drive. The mini-computer 
controls the operation of the entire system and stores digital data in 
two buffers. Up to 14 electric analog signals may be processed simul-
taneously in the system. Continuous analog signals are converted at a 
constant rate to digital data, which are stored in a buffer of the mini-
computer. When the buffer is filled up, the contents of the buffer are 
written on a digital magnetic tape, wh'ile the other buffer stores succes-
sive digitized data. In addition to the basic elements, some peripheral 
components are also available, such as a teletype to feed data for a 
governing computer program, an oscillograph and oscilloscope to monitor 
electric signals, television sets for miscellaneous visual monitoring of 
the experiment. After the analog-to-digital conversion is finished, the 
digital data are read from the digital tape and converted back to an 
electric analog signal to check the validity of the conversion process on 
some analog display devices. 
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Digital-to-ana1og conversion is carried out in the reverse way. 
A series of ~igital data is read from a ~igital magnetic tape and stored 
in the two buffers, alternately. The contents of a buffer are converted 
into analog signals, which are constantly dumped out. If the buffer is 
emptied, then the contents of the other buffer are used. 
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APPENDIX E. 
FORMULATION OF THE FLEXIBILITY 
RELATION FOR AN INELASTIC MEMBER 
The formulation of a flexibility matrix of a simply supported 
member AB due to inelastic deformation is described in this section. 
External moments MA and MB are applied at supports A and B, respectively 
(Fig. E.l). No additional loads are applied to the member. Shear and 
axial deformations are ignored. 
The main objective of the method is to analyze a member in which 
inelastic deformation zones extend so far from the ends that the equiva-
lent spring idealization is not realistic. 
The assumed deformed configuration of a simply supported member 
is shown in Fig. E.1. The point of contraflexure on the member is indicated 
by C, corresponding to CIon the moment diagram. 
The length of the member and segments AC I and CIB are denoted 
by L, AAL and ABL, respectively. The coefficients AA and AB are related 
to the external moments MA and MB as follows; 
(E. 1 ) 
Two lines AD and BE tangent to the deformed curve were drawn at 
beam ends A and B, where D and E fallon a line perpendicular to straight 
, I 
I 
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line AS at point C. Two straight lines CF and CG were drawn at point C 
parallel to AD and ES, respectively. Points F and G lie on a line perpen-
dicular to AS at B. Lines AD and BG intersect at H. 
The following relation holds from the geometry in Fig. E .. l: 
BH = 'CD + IT - FG . (E.2) 
If beam segments AC and CB are considered as two cantilevers 
fixed at A and S, and free at C, Ie and CD are recognized as free end 
deflections D(MA, AAL) and D(M B, ASL). The angles at point C between the 
deformed beam and straight lines CF and CG are the free-end rotations 
R(MA, AAL) and R(M B, ASL). 
Therefore, length FG can be written as 
(E.3) 
The slopes of tangents at A and S are SA and SS. 
the form 
Equation E.2 can be rewritten with the definitions made above in 
SH = D(MA, AA L) + D(MS' ABL) + AsL' {R(MA, AA L) - R(M s , ABL)} 
(E.4) 
Secause BH is also the product of the slope SA at A times the 
length of the member, Eq. E.4 is rearranged in the form 
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(E.5.a) 
'Simi larly 
(E.5.b) 
A sign convention in calculating free-end deformations of a 
cantilever was adopted so that a positive external fixed-end moment M 
gave rise to positive free-end displacement and rotation for a positive 
cantilever length AL. As noted in Section 3.5, the free-end displacement 
is proportional to the square of the cantilever length, while free-end 
rotation is proportional to the cantilever length: 
R(M, AL) = AL R(M) (E. 6) 
in wh i ch D (M) and R (M) were free-end d i sp.l acement and rotat i on of the un it 
length cantilever. The use of Eq. E.6 commits the analysis to logging 
moment history on the basis of the moments at the ends of the me~bers only. 
This may lead to errors in calculating deformations as described below. 
Consider the beam AB (Fig. E.3) subjected first to positive and 
then negative end moments MA and MB. It is assumed that MA is larger than 
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the yield moment and MB is smaller than the cracking moment. After the 
existence of these conditions, the beam is yielded and cracked over the 
indicated lengths for both directions of loading. 
If an arbitrarily chosen moment distribution shown in Fig. E.3.b 
is reached after the events shown in Fig. E.3.a, the deformation calcula-
tion will be based on the moment at end B which has always remained below 
the cracking moment, therefore, the beam will be assumed in the calculation' 
to be completely uncracked which will result in an underestimate of the 
deformations. 
To eliminate this drawback would require keeping track of the 
moment history at several stations along the length of the beam leading 
to an unwieldy computer program. In view of the fact that errors are 
introduced only when the point of inflection shifts substantially and only 
in the presence of small moments, it was decided to ignore this effect in 
the analysis. It should also be noted that the error introduced is smaller 
for deflection than it is for rotation. 
Equation E.5 was rewritten in the form 
(E.7) 
If external moments MA and MB are increased by ~MA and ~MB' 
respectively, then the resultant end rotations and the location of the 
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point of contraflexure are related in the form 
(E.8.a) 
(E.8.b) 
(E.9) 
A B + ~A B = M A + M B + ~M A + ~M B 
Incremental end rotations 68 A and ~8B are calculated by subtract-
ing Eq. E.7 from Eq. E.8. 
.' .. ::; 
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Equation E.9 was rearranged to calculate change 6AA in the location of the 
point of contraflexure in the form 
(E.ll) 
If stiffnesses SD(M) and SR(M) can be defined between the pre-
vious and the present steps for free-end displacement and rotation with a 
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knowledge of the load history (Fig. E.2), 
D(MA + LlMA) D(MA) 
LlMA 
= + SD(MA) 
D (M B + LlM B) D (M B) 
LlMB 
= + SD(M B) 
(E.12) 
R(MA + LlMA) = R(MA) 
LlMA 
+ SR(MA) 
R (M B + LlM B) R (M B) 
LlMB 
= + SR (M B) 
then Eq. E.10 can be rearranged into the form 
(E.13) 
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in whi ch 
2 2 t (;I,S + t.ASl (AS + LlA s) 
- AA X } f12 = L SD(M S) SR (MS) 
.:.. .. 
2 2 
f21 
{ (AA + MAl (AA + LlAA) 
+ AS Y } = L SD(MA) SR(MA) 
(E. 14) 
It should be noted that the flexibility matrix is not symmetric, 
and that the flexibility matrix contains LlAA' LlAS' LlMA and LlM S' which are 
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unknown at the time the flexibility matrix is constructed. An iteration 
procedure is to be used to determine the unknowns, which involves the 
analysis of the total frame at each iteration. 
One alternative method to avoid the iteration procedure is to 
assume that the point of contraflexure does not move during a load incre-
ment, then, elements of the flexibility matrix can be simplified to 
fll = AAl {AA AB! SD(MA) + SR(MA) 
f12 A
2 l I SO 1MB) -
1 1 S SR (Ms) 
(E.15) 
Aga.in the flexibility matrix is not symmetric. 
If the analysis assumes the equivalent springs at the ends of a 
member, in which all the plastic deformation of a member is concentrated 
in two equivalent springs at its ends, then the following relation holds 
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for inelastic deformation of a unit length cantilever beam; 
SD(M) - SR(M) 
therefore, off diagonal elements of the flexibility matri~ become zero 
(E.16.a) 
and the diagonal elements are reduced to 
(E. 16 . b) 
Giberson (1967) proposed the equivalent spring idealization for 
AA = AS = 0.5. Suko (1971) used the equivalent springs for an arbitrary 
initial location of contraflexure. 
The flexibility matrix of a simply supported inelastic member 
was formulated as a function of cantilever deformation of the length 
between a support and the point of contraflexure. In order to calculate 
exact values of the elements of the flexibil ity matrix, the relation shown 
in Eq. E. 14 was used for the analysis. The iteration procedure tends to 
cause difficulty when the incremental external moments become comparable 
to the existing external moments. 
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Fig. E.l Geometry of Deflected Member 
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Fig. E.2 Incremental Force-Deformation Relationships 
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APPENDIX F 
HYSTERESIS RULES USED IN NONLINEAR FRAME ANALYSIS 
Assumed stiffness characteristics of the analytical model have a 
very important role in determining the dynamic response. Two hysteretic 
systems for reinforced concrete were adopted from Takeda et al (19jO): 
(a) the original Takeda hysteresis system (Fig. F. 1) with a tri-linear 
primary curve was used for the frame members, and (b) a simplified version 
of the Takeda hysteresis system (Fig. F.2) with a bil inear primary curve 
was used for the rotational springs which represented bond sl ip of the ten-
sile reinforcement at the ends of the frame members. 
The following definitions and notations are used to simplify the 
description of the hysteretic rules. 
-loading = an increase, without change in sign, of the 
absolute value of the force 
unloading = a decrease, without change in sign, of the 
~ [ absolute value of the force 
L. 
L. 
, 
i 
i 
I 
1.-
l 
i 
L. 
load reversal = change in sign of the force with respect to 
the one in the last load step 
K = stiffness to be used in the next load increment 
0 = origin of the primary curve 
C = cracking point on the pr i mary curve 
Y = yielding point on the primary curve 
U = ultimate point on the primary curve 
P = point at which current calculation begins 
u. = point I at which unloading beg ins 
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x. = load reversal point or intersection point of the 
I 
force-deflection curve with the displacement axis. 
5. = slope 
I 
F(A) = force at point A on the force-deflection curve 
D(A) = deflection at point A on the force-deflection curve 
5 (AB) slope of line segment AB 
At each load step, the force active is assumed to be positive in describing 
the hysteresis rules. An apostrophe is used to indicate the corresponding 
point in negative region of the force-deflection diagram. 
In the following section, the rules of the hysteresis system are 
described in terms of the definition given above. An example is provided 
below to help in the interpretation of the rules. 
Example 
Rule 3: loading on the primary curve after yielding 
3. 1 
3.2 
loading: 
unloading: 
K = 5 (YIT), go to r u 1 e 3. 
unloading point = U , 
m 
__ 5f[iVIY) ..1. m m t
ma x {D (U ), D (U I ) } ]0 .. 5 
51 \L.. T" D(Y) 
K = Sl' go to rule 4. 
Interpretation 
Rule 3 governs if loading starts on the primary curve after yield-
ing has occurred. 
If the load continues in the same direction (3.1 loading), the 
path of the force-deflection curve follows the primary curve for that 
increment with the slope (K) defined by the primary curve (slope of segment 
YU). For the next increment, rule 3 continues to govern. 
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If the load is decreased (3.2 unloading) from the point U , the 
m 
slope is defined by the product of the slope (C'Y) and the ratio of the 
maximum deflection reached in either direction to the yield deflection. 
Calculation for that increment uses the slope Sl' The next increment is 
governed by rule 4. 
F.l Takeda's Hysteresis System 
Takeda's hysteresis system has a trilinear primary curve with two 
break-points at cracking C and yielding Y. The primary curve is assumed to 
be symmetric about its origin. 
The following set of rules were used to determine the stiffness 
of a frame member at each load level (Fig. F.l). 
Rule 1: elastic stage 
1 . 1 load i ng 
1.1.1 F(P) ~ F(C) 
1.1.2 F(P) > F(C) 
K = S (5C), go to ru 1 e 1. 
K = S(~, go to rule 2. 
1 .2 un load i ng and load reversa 1 : K = 5 (nc), go to ru 1 e 1. 
Rule 2: loading on the primary curve up to yielding (_. 
2. 1 load i ng 
2.1.1 F(P) ~ F{Y) 
2.1.2 F{P) > F(Y) 
K = S(CY), go to rule 2. 
K = S(YU), go to rule 3. 
2.2 unloading: unloading point = Urn' Sl = s0PC'), K = 51' go 
to rule 5. 
Rule 3: loading on the primary curve after yielding 
3.1 loading: K = S(YU), go to rule 3. 
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3.2 unloading unloading point = Um' 
[ 
ma x { D (U ), D (U I ) J] O. 5 
5 = 5 ('flY) i" m m 1 D (Y) 
K = 51' go to rule 4. 
;: { :: !- ( :" -: :-
Rule 4: unloading from point U on the primary curve after yielding 
m 
Rule 5: 
4. 1 loading 
4.1.1 F(P) ~ F(U ) K = 51' go to ru 1 e 4. m 
4.1.2 F(P) > F (U ) 
m 
K = S (YO) , go to rule 3. 
4.2 unloading: K = Sl' go to rule 4. 
4.3 load reversal 
4.3.1 uncracked in the negative range: K = 51' go to rule 15. 
4.3.2 otherwise 
Exception in 4.3.2 
load reversal point = X , S2 = s(~, 
o 0 m 
K = 5 , go to rule 6. 
2 
If F(Y) > F(U ) and S(~ > S(~ 
moo m 
= ·S (X Y), U = Y, K = S2' go to rule 6. 
o m 
unloading from point U on the primary curve before yielding 
m 
5. 1 load i ng 
5.2 
5.3 
5.1.1 F(P) ~ F(U ) 
m 
K = Sl' go to rule 5. 
5. 1 .2 F (p) > F (U ) 
m 
K = S(cy), go to rule 2. 
unloading: K = S1' go to rule 5. 
load reversal 
5.3.1 uncracked in the positive range K = Sl' go to rule 14. 
5.3.2 otherwise: the same as 4.3.2. 
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Rule 6: loading toward point U on the primary curve 
m 
6.1 loading 
6.1.1 F(P) ~ F (U ) 
m 
6.1.2 F(P) > F(U ) 
m 
K = 5 (XU ), go to r u 1 e 6. 
o m 
the same as 2.1. 
6.2 unloading: unloading point = U
o
' K = 51' go to rule 7. 
Rule 7: unloading from point U after rule 6. 
o 
7.1 load i ng 
7.1.1 F(P) ~ F (U ) 
o 
7 . 1 .2 F (p) > F (U ) 
o 
K = 51' go to rule 7. 
K = 5(~, go to rule 6. 
o m 
7.2 unloading: K = 51' go to rule 7. 
7.3 load reversal: load reversal point = Xl' K = 5(X 1Um), go 
to rule 8. 
Rule 8: loading toward point U on the primary curve 
m 
8.1 loading 
8.1.1 F(P) ~ F (U ) 
m 
K = 5(X 1Um), go to rule 8. 
8.1.2 F(P) > F(U) the same as 2.1. 
m . 
8.2 unloading: unloading point = U1' K = 51' go to rule 9· 
Rule 9: unloading from point Ul after rule 8 
9.1 loading 
9.1.1 F(P) ~ F(U 1) 
9. 1 .2 F (p) > F (U 1 ) 
K = 51' go to rule 9. 
the same as 8. 1 
9.2 unloading: K = 51' go to rule 9. 
/ ~ 
/ / 
9.3 load reversal: load reversal point = X2 , K = 5 (X2Uo), go r;,·L,.pr.t 
to ru 1 e 10. 
Rule 10: loading toward point U 
o 
10 . 1 load i n g 
10.1.1 F(P) ~ F(U ) 
o 
K = 5 (X2Uo), go to rule 10. 
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10.1.2 F(P) > F(U ) 
o 
the same as 6. 1 . 
10.2 unloading: unloading point = U2 ' K = Sl' go to rule 11. 
Rule 11: unloading from point U2 after rule 10 
Ru1 e 12: 
11 . 1 load i ng 
11.1.1 F(P) ~ F(U2 ) 
11.1.2 F(P) > F(U 2) 
K = Sl' go to r~le 11. 
the same as 10.1. 
11.2 unloading: K = Sl' go to rule 11. 
11.3 load reversal: load reversal point = X
3
, K = S(X
3
Ul ), go ~:L-V~ 
to rule 12. 
loading toward point Ul 
12. 1 loading 
12. 1 . 1 F(P) ~ F (U 1) K = S(X3Ul ), go to rule 12. 
12.1.2 F(P) > F(U 1) the same as 8. 1 . 
12.2 unloading: unloading point = U
3
, K = Sl' go to rule 13. 
Rule 13: unloading from point U
3 
after rule 12 
13.1 loading 
13.1.1 F(P) ~ F(U
3
) 
13.1.2 F(P) > F(U
3
) 
K = S l' go to ru 1 e 13. 
the same as 12.1. 
13.2 unloading: K = Sl' go to rule 13. 
13.3 load reversal : the same as 9.3. 
Rule'14: loading in the uncracked direction after cracking in the other 
direction 
14. 1 loading 
14.1.1 F(P) ~ F(C) K = S l' go to ru 1 e 14. 
14.1.2 F(P) > F (C) K = S (CY) , go to rule 2. 
14.2 unloading : K = S 1 ' go to rule 14. 
14.3 load reversal : K = S l' go to r u 1 e 5. 
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Rule 15: loading in the uncracked direction after yielding in the other 
direction 
15.1 loading 
15.1.1 F(P) ~ F(C) 
15.1.2 F(P) > F(C) 
K = Sl' go to rule 15. 
let Q be point on the curve for 
rule 15 and F(Q) = F(C), then 
K = S(QY), go to rule 16. 
15.2 unloading: K = S1' go to rule 15. 
15.3 . load reversal 
15.3.1 F(P) ~ F(U ) 
m 
K = Sl' go to rule 4. 
15.3.2 F(P) > F(U ) 
m 
K = S(~, go to rule 3. 
Rule 16: loading toward the yield point after rule 15 
F.2 
16. 1 loading 
16.1.1 F(P) ~ F(Y) K = S (QY) , go to ru 1 e 16. 
16.1.2 F(P) > F (Y) K = S (YO) , go to ru 1 e 3. 
]6.2 unloading : U = Y U = P, S2 = S (QY) , K = S 1 ' inters ect i on m' 0 
of YQ and deflection axis = X 
o 
Simplified Hysteresis System 
:-.. .:-,.:.~ ... b 
// 
c / 
Takeda's hysteresis system was simplified and modified for a sys-
tem with a bilinear primary curve. This can be accomplished by setting the 
cracking point to be the same as the origin of the primary curve in Takeda's 
hysteresis system. The simplified Takeda's hysteresis rules are similar 
to the one proposed by Clough and Johnston (1966). The simplified model 
includes more rules for small-amplitude load reversals. 
The following set of rules were used to determine the stiffness 
of a rotational spring at each load step (Fig. F.2). 
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Ru 1 e 1: elastic stage 
1 . 1 loading 
1. 1. 1 F(P) ~ F(Y) K = s (OY) , go to rule 1 • 
1 . 1 .2 F (p) > F (Y) K = S (Yu) , go to rule 2. 
1 .2 unloading and load reversal : K = S(c?) , go to rule 1 • 
Rule 2: loading on the primary curve after yielding 
Rule 3: 
2.1 loading: K = S(ytD, go to rule 2. 
2.2 unloading: unloading point = U , K = S(OY), go to rule 3. 
m 
unloading from point U on the primary curve 
m 
3.1 loading 
3.2 
3.3 
3.1.1 F(P) ~ F(Y) 
3.1.2 F(P) > F(Y) 
K = S(oy), go to rule 3. 
K = S(YlD, go to rule 2. 
unloading: K = S(oy), go to rule 3. 
load reversal: load reversal point = X , K = S(X U*) go 
o 0 m ' 
to rule 4. 
Rule 4: loading toward point U on the primary curve 
m 
4. 1 load i ng 
4.1.1 F(P) ~ F (U ) 
m 
4.1.2 F(P) > F(U) 
m 
K = S(XIJ ), go to rule 4. 
o m 
K = S (VO), go to ru 1 e 2. 
4.2 unloading: unloading point = U , K = S(oy), go to rule 5. 
o 
Rule 5: unloading from point U after rule 4 
o 
5.1 loading 
5. 1 . 1 F(P) ~ F(U ) K = S (OV), go to rule 5. 
0 
5.1 .2 F(P) > F (U ) the same as 4.1. 
0 
5.2 unloading : K = S CBV), go to rule 5. 
;~ 
If U in the new direction is not defined yet, U is taken as yielding 
poin'E Y. m 
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5.3 load reversal 
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load reversal point = Xl' K = S(X1U
m
), go 
to rule 6. 
Rule 6: loading toward point u* on the primary curve 
m 
6.1 loading 
6.1.1 F(P) ~ F(U
m
). K = S (X1U
m
), go to rule 6. 
6.1.2 F(P) > F(U) K = S (YU), go to rule 2. 
m 
6.2 unloading: unloading point = Ul , K = S(oy), go to rule 7. 
Rule 7: unloading from point Ul after rule 6 
7 . 1 ·1 oad i ng 
7.1.1 F(P) ~ F(U l ) 
7.1.2 F(P) > F(U 1) 
K = S(oy), go to rule 7. 
the same as 6.1. 
7.2 unloading: K = S(OY), go to rule 7. 
7.3 load reversal: load reversal point = X2 , K = S(X2Uo)' go to 
rule 8. 
Rule 8: loading toward point U 
o 
8.1 loading 
8.1.1 F(P) ~ F(U ) 
o 
8. 1 .2 F (p) > F (U ) 
o 
K = S(X2Uo), go to rule 8. 
the same as 4.1. 
8.2 unloading: unloading point = U2 ' K = S(OY), go to rule 9. 
Rule 9: unloading from point U2 after rule 8 
9.1 loading 
;~ 
9.1.1 F(P) ~ F(U2) 
9. 1 .2 F (p) >. F (U 2) 
K = S (OY), go to ru le 9. 
the same as 8. 1 . 
U in load level 6 is of the sign opposite to the sign of U in load 
l~vel 4. m 
Rule 10 : 
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9.2 unloading: K = S(oy), go to rule 9. 
9.3 load reversal: load reversal point = X3 , K = S(X3Ul ), 
go to rule 10. 
loading toward point Ul 
10. 1 loading 
10. 1 • 1 F(P) ~ F (u 1 ) K = S(X3Ul ), go to rule 10. 
10. 1 .2 F(P) > F (U 1 ) the same as 6. 1 
]0.2 unloading: unloading point = U3 ' K = S(OYj, go to rule 11. 
Rule 11: unloading from point U3 after rule 10 
] 1 . 1 loading 
11.1.] F(P) ~ F(U3) K = S (Ov), go to rule 11. 
11.1.2 F(P) > F (U3) the same as 10. ] 
11 .2 unloading : K = S (OV) , go to rule 11. 
11.3 load reversal: load reversal point = X2 , K = S(X2Uo), 
go to rule 8. 
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CD: Rule 
® Rule 2 Q) Y 0 
@ Rule 5 '-0 
lL.. 
@) Rule 14 
® Rule 2 
@: Rule 3 
(J) Rule 4 
@: Rule 6 Deflection 
CD Rule 
® Rule 2 
@ Rule 3 Q) 
Rule 0 @) 4 '-0 
® Rule 15 IJ.. 
® Rule 16 
(j) Rule 3 
® Rule 4 
® Rule 6 Def lection 
(b) 
--- U~ 
Fig. F.l Takeda's Hysteresis Rules 
CD Rule 4 
® Rule 6 
@ Rule 7 
® Rule 8 
® Rule 9 
@: Rule 10 
(J): Rule 11 
@: ..Rule 12 
@: "Rule 13 
09: New 'Rule 
CD: Rule 4· 
®: Rule 6 
@: Rule 7 
@: Rule 8 
@: Rule 9 
@: Rule 10 
(-j): New Rule 
@: New Rule. 
@: New Rule 
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Um 
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30-
0 
lL.. 
Deflection 
10 
(c) 
Um 
Q) 
() 
,.. 
0 
LL. 
6 
7 Deflection 
8 
Fig. F.1 (Contd) Takeda's Hysteresis Rules 
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(D.: Rule 
@: Rule 2 Q) 
(J 
@: Rule 3 10.. ~ 
@: Rule 4 
@: Rule 2 
@: New Rule 3 
(1): New Rule· 4 
@: Rule. 5 Deflect Ion 
@: Rule 6 
0): Rule 3 
@: Rule 4 Q) 
(J 
@: Rule 5 10.. 0 
lJ.. ®: Rule 6 
@: Rule 7 
@: Rule 8 
(J): Rule 9 
®: Rule 10 Deflection 
@: Rule 1 1 
@: New Rule 8 
(b) 
Fig. F.2 Simplified Takeda1s Hysteresis Rules 
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APPENDIX B 
COMPUTER PROGRAM FOR NONLINEAR RESPONSE-HISTORY ANALYSIS 
The flow diagram of the computer program for nonl inear response-
history analysis is shwon in Fig. G.l. The method of analysis is descr~bed 
in Chapter 4. The program was prepared to analyze a reinforced concrete 
frame with less than 10 members. The program was written in Fortran IV. 
The total core space required to run the program was approximately 110 ki1o-
bites in addition to temporary disk space in which calculated response values 
were stored. It took approximately 11 minutes of computing time on the 
IBM 360/75 computer for the program to complete a response analysis of a 
three-story one-bay frame subjected to a 13.0 seconds of base motion at a 
0.0005 sec time interval. Calculated response values were plotted at the 
end of analysis on a CALCOMP plotter. 
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Read: 
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Start 
1. structural geometry 
2. moment-curvature relationship of frame' 
members 
3. moment-rotation relationship .of rotational 
spring 
4. earthquake acceleration record 
Compute: 1. moment-deflection and - rotation relations 
of basic units 
Compute: 1. elastic structural stiffnes~ and mass 
matrices 
Write: 
2. modal characteristics of the structure 
3. constant Cl and C2 to determine damping 
matrix [c] = C1[M] + C2 [K] 
1. structural geometry 
2. member properties 
3. modal charaeteristics 
4. identification of base motion 
Fig. G.l Flow Diagram of Computer Program for 
Nonlinear Response-History Analysis 
Iteration due 
to shift of 
inflection 
point 
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Compute: 1. new structural matrix 
Compute: 1. incremental structural response 
from equation of motion 
2. incremental member response 
Compute: 1. total structural response 
Modify: 
2. total member response 
3. member stiffness based 
on hysteresis rules 
1. member response be compatible 
with hysteresis rules and 
compute unbalanced force due 
to the modification 
Record: 1. maximum responses 
End of earthquake record 
2 
Fig. G.l (Contd) Flow Diagram of Computer Program for 
Nonlinear Response-History Analysis 
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Plot: 1 • base acceleration signal 
2. base shear signal 
3. base moment signal 
4. acceleration response signals 
5. displacement response signals 
Write: 1. maximum structural response 
values 
2. maximum member response 
values 
Fig. G.l (Contd) Flow Diagram of Computer Program for 
Nonlinear Response-History Analysis 
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APPENDIX H 
NOTATION 
H.I Terminology 
Certain terms Were introduced and used in this report. Although 
suc~ terms are defined when they are first introduced in the text, they are 
listed below for convenient reference. 
attained ductility factor = ratio of measured maximum deformation 
response to calculated yield deformation 
response 
deflection coefficient = ratio of the attained deflection to the 
yield deflection of a cantilever 
first mode = phase relationship in which three level 
signals oscillate in the same phase 
force reduction factor = ratio of calculated elastic force res-
ponse to corresponding measured response 
fully cracked section = section of which flexural rigidity is 
defined as the slope of a line connect-
ing the origin and the yield point in 
a moment-curvature diagram 
joint core = part of a structure common to both beam 
and column 
limiting base shear coefficient = index value for the strength of a frame, 
defined as the ratio of base shear 
corresponding to collapse mechanism for 
a triangular lateral load .distribution 
(elasto-plastic members) to total weight 
of the frame 
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relative intensity index 
response-history analysis 
rigid joint 
RMS 
rotational spring 
second mode 
spectrum intensity 
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= index value for the intensity of the 
base motion relative to the strength of 
the structure, defined as the ratio of 
the maximum base acceleration in terms 
of "gll to the limiting base sh~ar 
coefficient of the structure 
J. 
= response analysis based on direct 
numerical. integration of the equation 
of motion by a step-by-step procedure 
= joint core with infinite flexural 
stiffness 
= response value calculated by the square 
root of the sum of the squares of the 
maximum modal components (root mean 
square) 
= a spring at the ends of frame members 
which simulates bond slip of the tensile 
re info rcement 
= phase relationship in which only two 
adjacent level signals oscillate in the 
same phase 
= index to define the intensity of base 
motion, based on the area under a 
velocity response spectrum curve in a 
specified frequency range (Hausner, 
1952) 
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spectral modal analysis = response analysis based on modal 
characteristics and linearly elastic 
response spectra 
standard frame = analytical model in Chapter 7 with (1) 
rigid zone in joint cores, (2) rotational 
springs at the ends of flexible elements, 
having simplified Takeda hysteresis rule, 
and (3) stiffness of member defined by 
Eq. ~. 15 in Appendix E 
third mode = phase relationship for which the first-
and the third-level signals are in phase 
triangular distribution = distribution of lateral loads propor-
tional to the height of each level 
uniform distribution = distribution of lateral loads equal at 
each level 
H.2 Symbols 
All symbols used in this report are defined where they are first 
introduced in the text. The symbols which appear more than once in the 
text are listed below for convenient reference. 
A 
s 
= area of (tensile) reinforcement 
AI 
s 
= area of compressive reinforcement 
[c] = damping matrix 
c 1 ' C2 = constants to define a damping matrix as shown in Eq. 4.22 
[c] = matrix defined by Eq. 4.24 
0 = total depth of a section in Eq. 3.9 
0 = diameter of a reinforcing bar in Eq. 3.15 
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D = calculated maximum free end displacement of the frame members 
max 
as a unit-length cantilever 
D(M) = free end displacement of a unit length cantilever due to fixed 
= 
end moment M 
free end displacement of a cantilever of length AAL due to 
fixed end moment MA 
D[*] = diagonal matrix with diagonal element [*] 
E = secant modulus of concrete at a stress equal to 40 percent of 
c 
E 
s 
E I y 
I 
c 
I 
s 
[K] 
[K] 
K •• 
IJ 
L 
L 
L 
[M] 
M 
M' A 
the compressive strength 
= Young's modulus for steel 
= modulus of the steel to define slope in strain hardening range 
= initial flexural rigidity for a transformed section 
= slope of the moment-curvature relationship after yielding 
= moment inertia of a concrete section along the neutral axis 
= moment inertia of the steel along the neutral axis 
= "reduced" structural stiffness matrix 
= matrix defined by Eq. 4.24 
= submatrix of a structural matrix shown in Eq. 4.13 
= length of a cantilever in Eq. 3.12 through 3.14 
= length of a,flexible member A'B' in Eq. 4.2 and in 
Appendix E 
= center~to-center distance of the first-story columns in Eq. 6.1 
= structural mass matrix 
= bending moment 
= moment at end A of member AB 
= moment at end A' of flexible element AlB' 
M 
c 
M 
Y 
N 
N 
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= cracking moment of a section 
= yielding moment of a section 
= axial load acting on a section (Chapter 3) 
number of degrees of freedom of a system (Chapter 4) 
PA = lateral force at level A in a frame 
R = rotation due to bond slip of tensile reinforcement 
R(M) = free end rotation of a unit length cantilever due to fixed 
SD(M) 
SR(M) 
{z} 
b 
c 
c l 
d 
= 
end moment M 
free end rotation of a cantilever of length AAL due to fixed 
end moment MA 
= slope of free end displacement-fixed end moment curve of a 
cantilever of unit length 
= slope of free end rotation-fixed end moment curve of a canti-
lever of unit length 
= story displacement at level A relative to the base 
= story velocity relative to the base 
= story acceleration relative to the base 
= constant which defines the descending slope of stress-strain 
curve of concrete in Eq. 3.1 
= modal spectral response vector 
width of a cross section 
= 
= 
depth of the neutral axis from the extreme compressive fiber 
distance from the neutral axis to the point at which Et is 
attained 
= distance from the extreme compressive fiber to the center of 
tensile reinforcement 
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= distance from the extreme compressive fiber to the center of 
compressive reinforcement 
= superscript to indicate "elastic" 
= flexibility coefficient of a rotational spring in Eq. 4.1 
= stress of concrete 
= flexibility coefficient of flexible element A'B' (i, j = lor 2) 
= inelastic flexibility coefficient of flexible element A'B' 
(i, j = 1 or 2) 
= modulus of ~upture of concrete 
= stress in tensile reinforcement 
= stress in compressive reinforcement 
= ultimate stress of steel 
= tensile strength of concrete, given by Eq. 3.3 
= yield stress of steel 
= stiffness coefficient of member AB (i, j = 1 or 2) 
= stiffness coefficient of flexible element AlB' (i, j = 1 or 2) 
= superscript to indicate "inelastic" 
average bond stress between a reinforcing bar and concrete, 
given by Eq. 3.19 
= distance from the neutral axis to the extreme tensile fiber 
of a section in Eq. 3.5 
= incremental value 
= elongation of reinforcement over a development length 
= time increment in numerical solution of the equation of 
mot i on 
B 
s 
y 
£ 
C 
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£ 
S 
£1 
S 
£ 
su 
a 
a 
ep 
[ep] 
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= incremental rotation at end A of member AB 
= 
= 
= 
= 
= 
= 
incremental rotation at end AI of flexible element AIBI 
joint rotation at A of a frame 
matrix defined by Eq. 4.28 
damping factor at the initial elastic stage (for the first mode) 
th d d . f s mo e amplng actor 
force reduction factor 
= strain 
= strain of concrete 
= strain at which the compressive strength 0f concrete is 
attained 
= strain in (tensile) steel 
= strain in compressive steel 
= strain at which strain hardening of steel commences 
= strain at which ultimate stress is reached in an idealized 
stress-strain curve of steel 
= strain at which tensile strength of concrete is attained, 
given by Eq. 3.2 
strain at which the yield stress of steel is attained 
= ratio of the length of rigid zone AAI to the length of a 
flexible element AIBI 
= attained ductility factor 
= axial stress existing in a section 
= curvature 
= real orthogonal matrix which diagonalizes matrices [C] and [K] 
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¢c = curvature of a section at cracking 
¢y = curvature of a section at yielding 
w = circular frequency 
th 
mode circular frequency w = s 
s 
L. 

